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African leafy vegetables (ALVs) are a diverse set of crops grown across sub-Saharan 
Africa.  They have been a staple of traditional diets and contain many critical 
micronutrients but their importance has been largely ignored by researchers and 
policymakers at the expense of imported crops.  Availability, accessibility, and utilization 
of ALVs are limited by factors across the supply chain.  This research investigated seed 
systems, drought tolerance, hydroponic production, market barriers, consumer 
preference, and the impact of gender as related to ALVs.  We found that ALVs play an 
important role in food security and that critical differences exist between formal and 
informal sectors.  Women play a stronger role in informal sectors, but the balance 
between the formal and informal markets is changing, and this may jeopardize the 
incomes of many women.  The determinants of household security were different for 
male- and female-headed households, and this information can be used to address the 
gap in food security between genders.  Market barriers differed for formal and informal 
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ALV retailers but consumer preference for quality did not, suggesting that investment in 
postharvest handling may allow ALV growers to 
capture greater value.  We also showed that ALV germplasm is diverse, offering both a 
wide range of species with different agronomic characteristics and important 
differences in drought tolerance among accessions.  Crop- and location-specific factors 
impacted farmer adoption of seeds and technologies, highlighting the importance of 
evaluating policies and interventions with sensitivity to gender, species, and location.  
ALVs can be used to empower marginalized populations, and this research proposes 
several ways to do so.  However, the market for ALVs is changing rapidly, and future 
research is needed to monitor trends and assure that these vegetables are used to 
increase social equality rather than aggravate existing disparities.  Promoting savings 
groups and capital accessibility can help to build this capacity, especially for women.  
Overall, this research revealed that a wide diversity of under-studied ALV species is 
contributing to food security in important ways and that the potential exists to 
strengthen production, distribution chains, and markets further.  Well-targeted research 
and investment could have a substantial impact in this area in improving sustainability 





CHAPTER 1. INTRODUCTION 
1.1 Food Insecurity in Sub-Saharan Africa 
The world recently passed an unfortunate milestone: there are now more than 
one billion undernourished people in the world (Garrity et al. 2010).  With the global 
population predicted to reach 9 billion by 2050, the urgency of addressing international 
food security is more pressing than ever (International Food Policy Research Institute 
2002).  Addressing this issue will require increasing both the quantity of food available 
and people’s access to it.  Agricultural production must be improved, especially under 
resource-limited conditions, but the main driver of food insecurity – poverty – must be 
integrated into solutions that address the economic forces that keep undernourished 
people in cycles of hardship.  Food security is defined as the state of having both 
physical and economic access to sufficient food to meet the dietary needs for a healthy 
and productive life (USAID 1992).  Most of the world’s food insecure people are 
concentrated in sub-Saharan Africa, where one in four people is chronically hungry (FAO 
2014).  
More common than undernutrition is malnutrition, which affects an estimated 
two billion people worldwide (WHO & FAO, 2006).  This ‘hidden hunger’ is caused by a 
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chronic lack of micronutrients, which are available in fruits and vegetables.  However, 
these fruits and vegetables are often expensive and therefore out of the reach of the 
poor (Smith and Longvah 2008).  Without these micronutrients, malnutrition can limit 
the productive capacity of a person for the rest of their life (UNICEF 2004).  Kenya is a 
prime example of the interconnected and complex issues of poverty, malnutrition, and 
low agricultural productivity (Conelly and Chaiken 2000) that have created many food 
insecure communities.   
1.1.1 The Role of African Leafy Vegetables 
African leafy vegetables (ALVs) have the potential to address many of the issues 
of food security facing Kenya.  ALVs are a diverse and widespread set of vegetables that 
is consumed across Kenya and sub-Saharan Africa.  More than one thousand species of 
leafy greens are important in traditional diets (Muhanji et al. 2011) but these species 
have often been ignored at the expense of introduced vegetables such as kale and 
cabbage (Adeka et al., 2009; Okeno et al., 2003; Omiti et al., 2005).  ALVs include both 
wild and domesticated leafy greens such as amaranth (Amaranthus spp.), nightshade 
(Solanum spp.), spider plant (Cleome gynandra), cowpea (Vigna unguiculata), and jute 
mallow (Corchorus olitorius).  ALVs may be more suitable than exotic crops such as kale 
or cabbage because ALVs require fewer inputs and are better adapted to local 
agroecological conditions (Ekesa et al. 2009).  ALVs are already widely consumed, and 
these traits make them ideal for further research and investment to address the 
challenges of creating climate-resilient agriculture, fighting food insecurity, and 
developing sustainable food systems.   
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Besides their importance to traditional diets, ALVs can also address 
micronutrient deficiencies because they tend to have high concentrations of vitamins A 
and C as well as calcium, zinc, and iron (Orech et al. 2007; Uusiku et al. 2010).  These are 
some of the most common micronutrient deficiencies around the world (WHO and FAO 
2006), and ALVs are a reliable source of many critical micronutrients in Kenya (Orech et 
al. 2007; Uusiku et al. 2010).  Finding ways to improve nutrition is important in an area 
of the world where the daily intake of fruits and vegetables is well below dietary 
recommendations, and where the affordability of vegetables remains a pervasive 
problem (FAO 2012).   
ALV production has become more important due to increasing market demand 
for ALVs in urban centers (Mwangi and Kimathi 2006).  Few governments or agencies 
take account of the role ALVs play in the agricultural sector and little has been done to 
promote ALV research and investment (Figueroa et al. 2008).  Demand for ALVs has 
already outstripped the supply, and rural growers have the potential to fill this market 
gap as well as meet their own nutritional needs (Mwangi and Kimathi 2006).   
ALVs are especially important to Kenyan smallholder farmers, 90% of whom 
grow horticultural crops of some kind (Muendo and Tschirley, 2004).  In 2002, 
smallholder farmers together produced 3.2 million tons of fruits and vegetables which 
contributed 3% of the Kenyan GDP (Neven and Reardon, 2004).  Even though a large 
portion of ALVs consumed are harvested in the wild and their value is unmeasured, ALV 
production value in Kenya exceeded $30 million in 2010 (Ministry of Agriculture, 2010).  
Prices at the farm gate for ALVs increased 30% between 2003 and 2006 and the current 
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supply of ALVs in Nairobi is estimated to meet only 60% of the demand (Mwangi and 
Kimathi 2006).  The ALV market promises to continue growing with the rapidly 
expanding population of Kenya.   
ALVs are also particularly important to women, who are involved in all aspects of 
the ALV supply chain (Dolan 2001; Weinberger et al. 2011).  Women dominate 
intermediary and retail activities as well as ALV production, each of which can provide 
an important income generating opportunity (Weinberger et al. 2011).  This may have 
important implications for household economic decisions because female-controlled 
income is more likely to be spent on education and child welfare than male-controlled 
income (Kennedy and Peters 1992; Quisumbing and Maluccio 2000).   
1.1.2 ALV Limitations and Constraints 
 Despite the potential of ALVs to contribute to nutritional security, rural incomes, 
and the empowerment of women, several constraints limit ALV availability and 
accessibility.  Poor seed quality limits production (FAO 2006) and formal seed retailers 
have been slow to grow into this market gap (Tripp and Rohrbach 2001).  ALVs, like 
more than 95% of sub-Saharan Africa’s agriculture, are almost exclusively produced 
under rain-fed rather than irrigated conditions (Rockstrom et al. 2010).  The best land is 
usually reserved for staple crops such as maize, while ALVs are grown on the marginal 
land that is available to women (Doss et al. 2014).  Reaching the market can be a 
challenge because supply chains are still developing to meet rapidly expanding urban 
demand (Neven and Reardon 2004; Mwangi and Kimathi 2006; Neven et al. 2009).  
Emerging formal markets are beginning to compete with more traditional informal 
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markets, and both vendors and consumers must negotiate the changing dynamics of the 
marketplace (Neven and Reardon 2004; Neven et al. 2009).  Ultimately, ALVs can only 
improve food security when they are available, accessible, and used at a scale that 
meets the needs of the population (USAID 1992). 
 The aim of this thesis is to better understand these limitations to the role of ALVs 
in food security.  Specifically, the objectives of this research were to: 
1. Compare formal and informal ALV seed systems for their potential to provide 
high quality germplasm to growers 
2. Assess the variation and investigate drought response in selected varieties of 
Amaranthus cruentus, a common ALV  
3. Evaluate opportunities for hydroponic production of ALVs, both economic 
viability and nutritional quality  
4. Identify barriers in the supply chain that impact formal and informal urban ALV 
vendors  
5. Identify determinants of consumer preference for quality in ALVs 
6. Assess the role of gender in household food security among ALV growers in 
western Kenya 
These objectives tie together ALV production and consumption, from inputs such as 
seeds and water to growing conditions, and finally the market aspects that impact both 
vendors and consumers.  Understanding and strengthening this chain will enable ALVs 
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to become more widely available and accessible across western Kenya, which can help 
promote better nutrition and food security.   
1.2 Formal and Informal Seed Systems 
The most common source of ALV seeds, like many other crops, particularly local 
and minor crops, are informal farmer seed networks (Almekinders and Louwaars 2002; 
Abukutsa-Onyango 2007).  Various formal seed companies are beginning to emerge as 
alternative suppliers, but the quality and availability of their seed varies considerably by 
location and species.  Informal seed markets are often the only source for seed for many 
traditional or less common crops (Almekinders and Louwaars 2002) but technical 
support for informal seed systems may be limited.  Formal seed systems, while less 
widespread in sub-Saharan Africa (Tripp and Rohrbach 2001), are limited in their scope 
by the small amounts demanded by individual farmers and the difficulty of reaching 
them (Thiele 1999; Almekinders and Louwaars 2002).  
Both formal and informal seed systems may have benefits to offer farmers, and 
these will vary by location and species.  Formal markets have increased the quality of 
seeds of many species in the past, while the diversity of locally saved seeds may offer 
greater resistance to regional biotic and abiotic threats (Almekinders and Louwaars 
2002).  Breeding for cultivar development is rare for these species (Weinberger and 
Msuya 2004) but the need for high quality ALV seed has been growing with increasing 
market demand for fresh ALVs (Mwangi and Kimathi 2006). Connecting farmers to high 
quality germplasm could improve yield and link them to these growing markets. 
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Previous research has examined interventions in seed systems and the political 
history behind them (Wiggins and Cromwell 1995; Thiele 1999; Gibson 2013; Munyi and 
De Jonge 2015).  Several interventions by non-governmental organizations (NGOs) in 
developing countries delivered poor results because they lacked technical expertise, 
long-term commitment, and integration into communities (Wiggins and Cromwell 
1995).  Gibson (2013) also found that projects-based seed distribution systems lacked 
long-term sustainability.  While Kenyan governmental policy has almost exclusively 
supported formal seed sector development (Munyi and De Jonge 2015), the seed 
distribution programs supported by these policies could limit the development of 
endogenous seed industries by undercutting prices (Tripp and Rohrbach, 2001).  
ALVs have a place in both formal and informal seed systems (Afari-Sefa et al. 
2013; Gibson 2013; Munyi and De Jonge 2015), but each system may offer different 
benefits under different conditions.  Distinguishing among systems across diverse 
settings and different species should enable more informed policy decisions that avoid 
the promotion of unsustainable or inappropriate seed programs.  One potential 
framework for evaluating formal and informal seed systems was suggested by Thiele 
(1999), who proposed a model for evaluating the appropriateness of formal seed 
systems based on four factors: 1) the rate of seed degradation, 2) the yield gap between 
formal and informal systems, 3) the farmer resources available, and 4) the degree of 
market integration. An increase in any of these factors is predicted to improve the 
likelihood of formal seed market adoption in that context.  
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This framework offers one potential way to understand ALV seed systems in 
western Kenya.  Based on an evaluation of these four factors, policymakers could 
predict the potential for greater formal ALV seed markets or the need to strengthen 
extant informal seed systems.  These policy decisions would impact accessibility of high 
quality germplasm and help to increase yields, improve nutritional security, and raise 
incomes among ALV-growing households. 
1.3 Amaranth Response to Drought Stress 
Drought resistant crops can offer resilience under adverse and unpredictable 
rainfall conditions (Thomas et al. 2007).  Selecting the appropriate crop variety has the 
potential to both conserve water and maintain yields, although a greater understanding 
of the diversity of drought resistant crops is necessary.  Amaranth is well-known as a 
drought-tolerant crop but most research has focused on grain amaranths rather than 
vegetable amaranths (Kauffman and Weber 1990; Beletse et al. 2009; Olufolaji and Ojo 
2010).  Amaranth varieties respond differently to water stress (Liu and Stützel 2002a; Liu 
and Stützel 2002b; Liu and Stützel 2004) and so a better understanding the drought 
response capabilities of different varieties can help identify the best seed sources for 
farmers and breeders.  
Amaranth is widely grown throughout Kenya and can be a better alternative to 
exotic crops such as kale or cabbage because it is well adapted to local agroecological 
conditions (Ekesa et al. 2009).  Amaranths are C4 plants (Achigan-Dako et al. 2014), 
which are typically better adapted to hot and dry conditions than C3 plants (Bull 1969; 
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Monneveux and Belhassen 1996), but their production is still limited by rainfall (Okeno 
et al. 2003; Rockstrom et al. 2010).  Irrigation is not widespread in Kenya, but finding 
amaranth varieties that have high yields as well as drought tolerance could lengthen the 
effective growing season for the crop.   
Plant responses to water shortage depend on a variety of factors that determine 
how they allocate resources under environmental stress.  Responses may favor short- or 
long-term survival (Bohnert et al. 1995; Chaves et al. 2002), but how well the plant 
balances transpiration and photosynthesis under water-stressed conditions will 
determine how well it can survive the stress (Bohnert et al. 1995; Chaves et al. 2002; 
Wilkinson and Davies 2002).  Plants have evolved many drought resistance mechanisms 
that are highly species-specific and environment-specific, (Blum 1996; Monneveux and 
Belhassen 1996; Wilkinson and Davies 2002; Yoo et al. 2009), and this is also true for 
amaranth cultivars (Liu and Stützel 2002a; Liu and Stützel 2002b; Liu and Stützel 2004; 
Olufolaji and Ojo 2010; Slabbert et al. 2011).   
Amaranth has been shown to recover from drought even when photosynthesis 
falls below 5-10% of the original rate under well-watered conditions (Lal and Edwards 
1996) or soil water content drops to 3% (Whitehead and Singh 1992).  Amaranth has 
been shown to mobilize non-structural carbon resources in stem and root tissue to 
rebuild lost leaf biomass (Vargas-Ortiz et al. 2013) and also change its osmotic 
adjustment, stomatal density, biomass partitioning, and rates of leaf expansion (Liu and 
Stützel 2002a; Liu and Stützel 2002b; Liu and Stützel 2004; Yarnia et al. 2012).   
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The developmental stage at which stress occurs can also impact the response to 
water stress (Ayodele 1999; Angadi et al. 2000; Gan et al. 2004; Mlakar et al. 2012).  In 
grain amaranth, Yarnia et al. (2011) and Mlakar et al. (2012) showed that drought was 
most detrimental to yield when it occurred during the early stages of flowering, while 
Ayodele (1999) found that stressing amaranth at seed formation had the most negative 
effects on plant biomass.  Less research has been devoted to vegetable amaranth, 
however, and developing a better understanding of the impacts of water stress on 
vegetable amaranth will help to identifying drought resistant germplasm. 
Among the thousands of amaranth varieties that exist in the world (Achigan-
Dako et al. 2014), there may be cultivars could increase local agricultural resilience in 
many places (Ekesa et al. 2009; Alemayehu et al. 2015).  This potential has not been fully 
explored and many knowledge gaps remain.  These varieties could have important 
implications for yield, income, and nutritional security.  
1.4 Hydroponic Production for Nutritional Density and Economic Sustainability 
Hydroponics is a system of growing plants without soil through a diverse array of 
methods (Bradley and Marulanda, 2000; Maboko et al., 2011) that may offer the 
potential to reduce land and water requirements for growing food (Bradley and 
Marulanda 2000; Trejo-Téllez and Gómez-Merino 2012).  Hydroponic systems are 
becoming more common around the world (Trejo-Téllez and Gómez-Merino 2012), but 
are underutilized in sub-Saharan Africa (Baumgartner and Belevi, 2001; Du Plooy et al., 
2012).  Hydroponics may have the potential to expand urban agriculture into areas 
without access to traditional soil-based growing systems (Bradley and Marulanda 2000), 
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and may offer benefits in terms of enhanced vitamins and minerals as well (Gruda 
2009).  Sub-Saharan Africa has high rates of both urbanization and malnutrition (FAO, 
2012), which could make hydroponic production particularly appropriate for this area.   
In Kenya, the availability of fresh vegetables is limited by seasonal fluctuations 
for the growing urban population (Nekesa and Meso 1997).  ALVs may have the 
potential to address nutritional needs, but their production is restricted to the two rainy 
seasons.  Hydroponic production of ALVs in urban and peri-urban areas may be able to 
address some of the key nutritional deficiencies – specifically, vitamin A, iron and zinc, 
which are the most common (WHO and FAO, 2006).  However, this will only be possible 
if hydroponic production can be profitable.  
1.4.1 Composition of the Growth Medium Affects Nutrient Bioaccumulation of Plant 
Tissue 
The manipulation of the nutrient solution in which hydroponic plants are grown 
can be used to produce crops with elevated nutrient levels.  Plants require 17 essential 
nutrients, 14 of which must be supplied by the nutrient solution (Mattson and Peters 
2014).  By altering the balance of elements delivered to the plant, hydroponic 
cultivation can reduce antinutritive compounds (Palaniswamy et al. 2004) or increase 
micronutrients such as iron, zinc, and the precursors to vitamin A, carotenoids (Trudel 
and Ozbun 1970; Premuzic et al. 1998; Palaniswamy et al. 2004; Fanasca et al. 2006; 
Gruda 2009; Ramírez S et al. 2011; Sonneveld and Voogt 2011).   
These complex interactions have been studied primarily in tomatoes rather than 
leafy vegetables (Fanasca et al., 2006; Paiva et al., 1998; Ramírez S et al., 2011; Trudel 
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and Ozbun, 1970).  Higher potassium concentrations were shown to increase tomato 
carotenoid concentrations (Trudel and Ozbun 1970; Ramírez S et al. 2011), but calcium 
and magnesium concentrations were also important in determining carotenoid 
concentration (Fanasca et al. 2006).  Competition among potassium, calcium, and 
magnesium were investigated by Paiva et al. (1998), who found carotenoid 
concentrations were highest at low calcium levels, due to competition with potassium.  
Higher concentrations of iron, zinc, and manganese in the nutrient solution were shown 
to positively correlate with leaf concentrations, but only in cucumber and not tomato 
leaves (Sonneveld and Voogt 2011).  The pH of the solution also influences competition 
between metal ions, especially zinc and iron (Berry and Knight 1997; Bugbee 2003).  
Careful monitoring is needed to ensure high nutrient concentration in edible biomass, 
but the focus on tomato production has left many gaps in the literature regarding leafy 
vegetables like ALVs. 
1.4.2 Economic Considerations of Hydroponics 
 While many different groups have proposed hydroponic systems that are 
purportedly adapted to developing countries (Bradley and Marulanda 2000; Harms and 
Combrink 2000; Stajano 2004), little has been done to evaluate their profitability 
through a benefit-cost analysis.  Bradley and Marulanda (2000) performed a profitability 
analysis but excluded the effects of time and alternative options in their analysis.  Some 
benefit-cost analysis has been performed on greywater reuse systems in India (Godfrey 
et al. 2009) and hydroponic production of ornamental crops has also been evaluated 
(Grafiadellis et al. 2000; Papadopoulos et al. 2008).  However, hydroponic production of 
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food crops for local consumption in developing countries has not been critically 
addressed.   
While hydroponic production could be well suited to urban and peri-urban areas 
in Kenya, they must be evaluated in comparison to other alternatives, including soil-
based agriculture and purchasing from local markets.  Understanding the role that 
hydroponics could play in connecting urban residents with high-quality vegetables will 
require more analysis that can include these considerations.  With a better 
understanding of the profitability of hydroponic systems, their designs can be refined to 
match the needs of the growers and the demand of the markets. 
1.5 Market Barriers for Formal and Informal ALV Vendors 
The demand for ALVs in urban centers has outstripped the supply (Mwangi and 
Kimathi 2006) which creates new challenges and opportunities for ALV vendors.  Though 
more than 90% of consumers purchase fresh vegetables from informal markets, the 
supermarket sector has been growing at 18% annually since 1995 (Neven et al. 2009) 
and is projected to continue growing for the coming decades (Haggblade 2011).   
Growing demand for fresh vegetables from supermarkets has changed the 
market for informal vendors and smallholder farmers.  Farmers that sell to formal 
markets have 48% higher household income (Rao and Qaim 2011), perhaps because 
supermarket growers take 57% of the retail price as opposed to 17% in informal market 
channels (Neven et al. 2009).  Growers for formal markets may be wealthier, as they 
tend to own more land, have better access to transportation, and have off-farm income 
available (Rao and Qaim 2013).  They were also more likely to hire female labor, though 
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female workers were paid slightly less on average (Rao and Qaim 2013).  Today in 
Kenya, there is still a much greater demand for ALVs in the informal urban market, but 
changing supply chains will impact both ALV vendors and producers.   
Neven et al. (2009) showed that access to capital, inputs, and transportation 
have been major barriers to Kenyan smallholder farmers participating in formal markets.  
Though the informal relationship between the vendor and grower is critical to 
maintaining this supply chain (Bett et al. 2013), less research has focused on the role of 
the vendor.  Barriers that prevent vendors from accessing ALVs or expanding their 
businesses reduce ALV availability and accessibility for consumers, but these barriers are 
not well understood.  A better understanding of the ALV value chain has the potential to 
aid growers, retailers, and urban residents.  Closing market gaps could generate income 
for smallholder ALV growers and meet unmet demand in cities across western Kenya. 
Connecting ALV consumers and growers is an essential part of improved 
nutritional security.  Vendors provide this link, and reducing the obstacles they 
encounter can aid in this process.  To make this connection, more research is needed on 
the prevalence and severity of market barriers for both informal and formal vendors.   
1.6 Consumer Preference for Quality in Three African Leafy Vegetables in Western 
Kenya 
While supply chains are still developing to meet consumer demand, consumers 
are increasingly demanding high-quality vegetables from both formal and informal 
outlets.  The rapid urbanization of Kenyan cities has contributed to the recent 30% 
increase in farm gate prices for ALVs that still falls short of meeting urban centers’ 
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demand (Mwangi and Kimathi 2006).  High food prices and low household incomes limit 
consumption of nutritious vegetables and increasing ALV prices are disproportionately 
impacting the urban poor.   
The gap between supply and demand may have important implications for 
future generations of urban Kenyan residents.  The rates of malnutrition among urban 
children are increasing faster than urbanization itself and more than half of children in 
Nairobi’s slums are malnourished (FAO 2012).  Supporting access to markets and 
increasing ALV production could benefit farmers as well as nutritional security among 
the urban poor.   
Kenya is facing high rates of urbanization in the near future (FAO, 2012), and 
while increased ALV production by smallholders would be ideal for meeting this 
demand, accessing the market can be a challenge.  Lack of capital limits investment in 
postharvest handling, production inputs, and technology.  Refrigerated transport is 
prohibitively expensive for most farmers, and poor regional infrastructure makes 
transportation challenging, even over short distances (Ayieko et al. 2005).  Most 
smallholder growers sell their produce to middlemen and only receive 17% of the final 
retail price (Neven et al. 2009), but if smallholders were able to capitalize on this 
segment of the value chain, they could increase their incomes as well as improve the 
distribution and supply of these important crops. 
Understanding consumer demand and preference for quality of ALVs can help 
connect farmers with a high value market.  Consumers across African cities have been 
shown to be willing to pay more for high quality produce, including organic certifications 
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in West Africa (Probst et al. 2012), even though vendors had a slightly lower willingness 
to pay for the same products.  Lagerkvist et al. (2013) showed that kale consumers in 
Nairobi were on average willing to pay 39% more for kale that was certified ‘clean’ 
(washed with clean water, free from chemical residues), but the willingness to pay 
varied significantly depending on the type of market outlet.  Consumers at 
supermarkets were willing to pay a higher price for clean kale than consumers at open 
air markets (Lagerkvist et al. 2013), possibly due to differences in income.  Consumers in 
Eldoret were willing to pay an average price premium of 79% for ALVs over exotic 
vegetable alternatives such as kale (Chelang’a et al. 2013).  This demonstrates the 
importance of ALVs to local consumers’ diets as well as their willingness to pay for the 
vegetables they prefer.   
Insufficient information about the market demand of ALVs limits smallholder 
farmers’ ability to respond to this demand and improve their incomes.  Though ALVs are 
widely consumed across Kenya, the species in greatest demand varies by region (Lotter 
et al. 2014).  Growers can gain a competitive edge by investing in postharvest handling 
so that fresher produce reaches the market to address the need for ‘clean’ produce as 
identified by Lagerkvist et al. (2013).  To justify this investment, growers would need to 
expect a higher profit to recover this cost.  Grading produce by separating out top 
quality and charging a premium for it can also help separate out top quality, but buyers 
would have to be willing to pay a premium for this extra labor.  If a large market exists 
for high quality ALVs, growers would have an incentive to improve the quality of the 
ALVs produced.  A greater understanding of consumer demand and market dynamics of 
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ALVs would help growers and retailers address the market gap that developing supply 
chains have yet to fill.  
1.7 The Role of Gender in Household Food Security 
Household decision-making is strongly influenced by gender, which impacts both 
food and nutritional security.  The proportion of income controlled by women is 
positively related to household caloric intake.  Female-controlled income is also more 
likely to be spent on education and child welfare (Kennedy and Peters 1992; Quisumbing 
and Maluccio 2000).  However, female-headed households can be disadvantaged both 
in terms of material assets and social opportunities, which limit access to land tenure, 
livestock, credit, and extension (Doss et al., 2014; Kassie et al., 2014; Oniang’o & 
Mukudi, 2002).  Climate variability in sub-Saharan Africa has left female-headed 
households disproportionately food insecure (Tibesigwa et al. 2015), which suggests 
that the differences between male- and female-headed household food security may 
grow in years to come.  Gaining a better understanding of the factors that 
disproportionately affect women-headed household can help address their food 
insecurity (Babatunde et al. 2008; Kassie et al. 2014).    
In Kenya, men tend to be the producers of the staple crop, usually maize, while 
women tend to manage horticultural crops such as ALVs (Dolan 2001; Weinberger et al. 
2011).  The traditional status of ALVs as women’s crops may help women generate 
income and meet the nutritional needs of their families, although few studies have 
evaluated this objectively.  Weinberger et al. (2011) showed that women are involved 
across the entire ALV value chain, and their level of involvement determines the income 
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they can generate from these crops.  Intermediaries often had higher annual incomes 
than retailers, and while growers were more mixed, the proportion of women in the 
intermediary and retail sections of the value chain varied from 74-98% in Kenya 
(Weinberger et al. 2011).  Among households growing ALVs, male- and female-headed 
households had different determinants of their gross profits (Mwaura et al. 2013), 
indicating that generalizing across these groups may not be valid.   
ALVs have the potential to play a large role in Kenyan agriculture, as they can 
address both gender disparities through income generation and nutritional security 
through greater vegetable consumption.  Women control most of the intermediary and 
retail sections of the value chain in urban areas (Weinberger et al. 2011), but for 
households in rural areas fewer income-generating activities may be available to 
women.  Household food security among ALV growers is still a challenge, but learning 
more about the differences between male- and female-headed households can help to 
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CHAPTER 2. SUPPORTING FORMAL AND INFORMAL SEED SYSTEMS: INDIGENOUS 
VEGETABLE SEED SYSTEMS IN WESTERN KENYA 
2.1 Abstract 
 Indigenous vegetables play an important role in the Kenyan diet, but their 
production is constrained by poor seed quality.  Formal and informal seed systems were 
evaluated for their ability to provide farmers with high quality germplasm.  Contrary to 
expectations, informal seeds had higher quality in terms of germinability and yield than 
formal seeds.  The most important socioeconomic factor determining formal seed 
adoption was seed price, though household characteristics were also important.  This 
study proposes a framework for policymakers to evaluate the relative benefits of formal 
and informal seed systems in a crop- and location-specific manner based on seed 
quality, household characteristics, and available resources.  Indigenous vegetables play 
an important part of both formal and informal seed sectors in western Kenya.  Based on 
our evaluation, we would recommend supporting informal over formal seed systems for 
their capacity to provide high quality seed. 
2.2 Introduction 
Globally, the most common sources of crop seeds are local farmer systems 
(Almekinders and Louwaars, 2002; Munyi and De Jonge, 2015). African Leafy Vegetables 
(ALVs), which are a diverse set of species that form that backbone of traditional diets in 
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western Kenya (Muhanji et al., 2011; Lotter et al., 2014), are no exception to this rule 
(Abukutsa-Onyango, 2005). Over 90 per cent of ALV growers save their own seed, 
though many (72%) also purchase seed from local markets (Abukutsa-Onyango, 2005). 
ALVs provide a large portion of the critical micronutrients in traditional diets such as 
vitamins A, B, and C, as well as minerals like calcium, iron, zinc, and potassium (Orech et 
al., 2007; Uusiku et al., 2010). Alternative options are emerging, as seed companies that 
contract seed production are beginning to sell their own seed varieties, which we will 
refer to as formal seed systems. Various terms have been used for farmer seed systems, 
traditional seed systems, and local seed systems (Almekinders and Louwaars, 2002), but 
we will group these as informal. The need for high quality ALV seed has been growing 
with increasing market demand for fresh ALVs in urban markets (Mwangi and Kimathi, 
2006). The food supply chain from rural areas to urban centers is still developing to 
meet the needs of Kenya’s rapidly urbanizing population (Ayieko et al., 2005), but in 
cities across Kenya the demand for ALVs has begun to outstrip the supply (Mwangi and 
Kimathi, 2006). Connecting farmers to the high quality germplasm they need could 
improve yield, boost farmer income, and link urban consumers with these healthy 
vegetables. 
Informal seed markets, including local networks for farmer-saved ALV seed, have 
been the basis of farmers’ agricultural inputs for centuries and, for local varieties and 
less common crops, they may be the only source for seed (Almekinders and Louwaars, 
2002; Munyi and De Jonge, 2015). Technical support for ALV growers is minimal or 
nonexistent and seed enterprises have been slow to grow into this market gap, 
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especially in sub-Saharan Africa (Tripp and Rohrbach, 2001). Formal markets, though 
growing, are limited by the small amounts of seed demanded by individual farmers, the 
difficulty of reaching these growers, and the changing demand from year to year (Thiele, 
1999; Almekinders and Louwaars, 2002). Formal markets have increased the quality and 
reliability of seeds of many crops, and may have the potential to do the same for ALVs, 
but farmer-saved seeds may offer resilience to local biotic and abiotic stresses 
(Almekinders and Louwaars, 2002). Kenyan policy has focused almost exclusively on 
formal seeds, but this may ignore the potential strengths of informal seed systems 
(Munyi and De Jonge, 2015). Given the vast diversity of accessions available, improved 
cultivar development is certainly possible in either the formal or informal sector, but 
breeding for cultivar development is rare for these species (Weinberger and Msuya, 
2004). Even if informal markets are better at selecting and diffusing varieties, technical 
support should be able to strengthen the quality and reliability of production and 
storage systems (Thiele, 1999).  
Previous research has assessed the success of various interventions that 
attempted to strengthen seed systems (Wiggins and Cromwell, 1995; Thiele, 1999; 
Gibson, 2013). Wiggins and Cromwell (1995) reviewed 19 seed distribution programs 
run by non-governmental organizations (NGOs) in developing countries and found a lack 
of technical expertise, long-term commitment, and integration into communities to be 
problematic, although some programs did reach areas that the formal seed sector may 
not have been able to. Gibson (2013) found that projects-based seed distribution 
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systems were often only active for one or two seasons and lacked long-term 
sustainability. Seed programs run by NGOs may also limit the development of 
endogenous seed industries by undercutting prices (Tripp and Rohrbach, 2001). 
Recognizing the importance of trying to improve seed quality through formal markets 
while supporting robust informal markets, the Tanzanian government established a seed 
standard called Quality Declared Seed (QDS) (FAO, 2006). The QDS system has 
intermediate seed standards between those commonly found in formal and informal 
markets and was designed to address gaps in the existing seed market rather than 
compete with commercial ventures (FAO, 2006).  
ALVs have a place in both formal and informal seed systems in Eastern Africa 
(Afari-Sefa et al. 2012; Gibson, 2013; Munyi and De Jonge, 2015), but for policymakers 
and organizations planning interventions it is important to distinguish between 
situations where formal or informal seed systems may be most effective at connecting 
farmers with high quality germplasm. Finding ways to evaluate the potential for formal 
seed integration across diverse settings and among thousands of different crop species 
can enable policymakers to make informed decisions to avoid unsustainable or 
inappropriate seed programs. This research tested a framework for evaluating formal 
and informal seed systems in the context of ALVs in western Kenya. Thiele (1999) 
proposed a model for evaluating the appropriateness of formal seed systems based on 
four factors: 1) the rate of seed degradation, 2) the yield gap between formal and 
informal systems, 3) the farmer resources available, and 4) the degree of market 
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integration. An increase in any of these factors is predicted to improve the likelihood of 
formal seed market adoption in that context.  
Our research evaluated ALV seed systems in western Kenya in the context of this 
model to determine the potential of formal or informal seed markets to deliver high 
quality germplasm to farmers. The first two factors were estimated based on field data 
from ALV seeds collected in western Kenya while the second two factors were assessed 
from household survey data. Based on the evaluation of these four factors, we can 
predict the potential for greater formal ALV seed market integration or the need to 
strengthen extant informal seed systems.  
2.3 Materials and Methods 
2.3.1 Seed Quality 
 This research compared both the seed quality of available formal and informal 
seed varieties as well as the factors impacting farmer decisions to participate in formal 
and informal seed markets. The first section addressed the relative seed quality of 
formal and informal seeds in terms of germination and yield. 
2.3.1.1 Seed Materials 
 Amaranth (Amaranthus spp.) and nightshade (Solanum spp.) seeds were 
collected from formal and informal sources in western Kenya in June, 2015. The only 
formal seed vendor for both amaranths and nightshades was Simlaw Seeds, a subsidiary 
of Kenya Seed Company. Seeds were also provided by the AVRDC (World Vegetable 
Center) in Arusha, Tanzania from land races collected across East Africa: these have not 
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yet been released for sale and do not have a fixed price. Seed species, sources, and 
prices are shown in Table 2.1. 
2.3.1.2 Seed Germination 
 Twenty seeds from each accession were placed on moist filter paper in petri 
dishes and maintained in a germination chamber at 70 per cent humidity and 25oC 
under constant light. Three replicates were evaluated for each variety and the 
experiment was repeated twice at an interval of two months. Germinated seeds 
(defined as emergence of the radicle from the seed coat) were recorded and removed 
every day for a period of 14 days. Mean time to 50 per cent radicle emergence was also 
calculated (Hanson, 1985). 
2.3.1.3 Yield Comparison 
 Seedlings from each variety were grown in soil to four weeks and transplanted 
into the field. This experiment was conducted as a randomized complete block design 
with three blocks and four replicates for each variety within each block. Plants were 
harvested only once, six weeks after transplanting and fresh weight was measured. Leaf 
area was measured by image analysis (ImageJ, National Institutes of Health) of digital 
photographs of excised leaves. The experiment was repeated twice. 
2.3.2 Model Comparison 
 The second part of our research evaluated how well the model proposed by 
Thiele (1999) matches farmers’ decisions to purchase or save their own seeds. 
Specifically, the importance of market integration and available resources are compared 
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with other farmer-specific factors based on the available literature for technology 
adoption. 
2.3.2.1 Household Data Collection 
 Our model is based on a household survey carried out across 95 villages in eight 
counties in western Kenya in 2013. This survey was administered to 302 households on 
the status of ALV market chains and their farming practices (Table 2.2). Characteristics 
of households that used saved seed and purchased seed are given in Table 2.3.  
A multi-stage cluster sampling design was used in this study based on the 
heterogeneous characteristics of agro-ecological zones, socioeconomic conditions, and 
relative importance of ALVs. Three clusters were identified: Western province, Rift 
Valley low market access, and Rift Valley high market access. Training on ALV production 
and marketing had been carried out in each of these regions through farmer groups and 
these project sites were purposively sampled. Out of 20 sites that had participating 
farmer groups, 11 were considered to be sufficiently representative and a proportional 
number of sites were selected from within each cluster. Lists of all farmer groups 
involved were used to form the sampling frame and 10 survey respondents were 
randomly selected per site. Ten additional households that were not members of the 
farmer groups were also selected for interview at each site. Nearby villages where no 
training activities had taken place were identified and two were randomly selected. 
From these additional villages, lists of all households were constructed with help from 
village elders and extension agents. A random sample of 10 households were selected 
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per site for the survey as well. This sample is comprised of 168 households where 
training had been received and 134 households where it had not.  
2.3.2.2 Conceptual Model 
 Households are assumed to optimize their utility under their constraints of 
budget, resources, information, credit, and availability of the formal seed and 
complementary inputs (Asfaw et al., 2012; Ghimire et al., 2015). Based on technology 
adoption literature (Adesina and Zinnah, 1993; Thiele, 1999; Rogers, 2003; Asfaw et al., 
2012; Ghimire et al., 2015), explanatory variables are expected to fall into broad 
categories of household/farmer characteristics, resource availability, and market 
integration. Farm and farmer characteristics include the ALV crop, the sex and age of the 
ALV manager, and the highest level of education achieved in the household. Resources 
available were approximated by on-farm and off-farm assets while market integration 
evaluated market participation and access. Though the utility function is unobserved, 
our goal was to better understand how these categories of variables impact farmer seed 
adoption in order to better predict farmer behavior. 
The utility of adopting formal seeds (Ui1) and the utility of using saved seeds (Ui0) 
is subject to farm and farmer-specific attributes such that the difference between the 
two (Ui*) will determine farmer adoption. If the utility gained by adopting is more than 
the utility of not adopting (Ui* = Ui1 – Ui0 > 0) then it is assumed that the farmer will 
participate in the formal seed networks. These utilities are unobservable but can be 
expressed as a function of the observable elements in the latent variable model 
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(Equation 1). Following Asfaw et al. (2012) and Ghimire et al. (2015), the adoption 
decision can be modeled in a random utility framework:  
 
     (1) 
Where Ui* is the latent variable which represents the household’s likelihood of adopting 
formal seeds for their primary ALV crop, denoted as one if the farmer adopts and zero 
otherwise. A vector of explanatory variables are represented by the term Xi’ and β is a 
vector of parameters to be estimated. The error term is represented by ui which is 
assumed to be independent and normally distributed. A probit model was used to 
estimate the probability of household adoption of formal ALV seeds and estimated 
marginal effects to assess the influence of each of the explanatory variables. All analyses 
were conducted in R 3.1.2 (Zeileis and Hothorn, 2002; Zeileis, 2004, 2006; Fox and 
Weisberg, 2011; Fernihough, 2014; R Core Team, 2015a, 2015b).  
2.3.2.3 Empirical Model 
 Many factors have been shown to affect farmer seed saving behavior and 
adoption of technology. Table 2.2 lists the variables included in the model related to 
farmer characteristics, resources available, and market integration, as well as their 
descriptive statistics and expected sign. Available resources are seen as the most critical 
determinant of technology adoption in the economic constraint model (Adesina and 
Zinnah, 1993; Fernandez-Cornejo et al., 2005), which suggests that resource factors 
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(both on-farm and off-farm income) are the most important. To adequately account for 
income and other household assets we included income, ownership of a motorcycle or 
motor vehicle, number of livestock owned, whether the household was able to save 
money for unexpected expenses, size of landholding, whether they obtained credit in 
the last two years, and how many months of food they were able to provide for their 
household from their own production. All of these variables are hypothesized to have a 
positive effect on formal seed adoption. Seed price was also included to account for the 
financial burden this adoption would require, and this was hypothesized to have a 
negative sign.  
Market integration is critical to the information-diffusion model (Rogers, 2003), 
which suggests that information is the key limiting factor driving improved seed or other 
technology adoption. Credit constraints and lack of information were shown to be 
equally likely to limit formal seed adoption in Uganda (Shiferaw et al., 2015). We 
included accessing extension services in this model to account for the effect of 
information diffusion and hypothesized that it would have a positive sign (Table 2.2). 
Market integration can be impacted by the difficulty of reaching the marketplace; to 
account for this, we included the time required to reach the local market and 
hypothesized that this would have a negative sign. Many farmers stated that the main 
reason they grow ALVs was their good price at market, and this was also hypothesized 
to be positively associated with market integration in comparison to the other major 
reasons for growing ALVs, such as home consumption. The most direct measure of 
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farmer market integration is whether or not they sold ALVs in the last two years and this 
was also hypothesized to positively affect the likelihood of formal seed adoption. 
To account for factors other than available resources and market integration, 
variables related to farmer characteristics were also included (Table 2.2). The effect of 
location as indicated by cluster (western province, Rift Valley high market access, and 
Rift Valley low market access) was included, as formal seeds may be better adapted to 
some regional climates than others. This may have a positive or negative sign. Ghimire 
et al. (2015) showed that education was positively associated with improved rice variety 
adoption, though Mwaura et al. (2013) showed that education may impact male and 
female growers differently.  We hypothesized that education level would have a positive 
sign in this model for formal seed adoption. Women have been shown to have a lower 
frequency of adoption of improved varieties (Doss and Morris, 2001) and new 
management practices (Marenya and Barrett, 2007), but Mwaura et al. (2013) showed 
that female- and male-headed households were accessing ALV seed support systems at 
equal rates.  Female-controlled income has been shown to have a more positive effect 
on child and household welfare (Quisumbing, 2003) so understanding this gender gap 
could be critical to positive health outcomes. Age has also been shown to affect 
technology adoption as younger farmers may be more willing to bear risk (Polson and 
Spencer, 1991) and may have a negative sign, although Shiferaw et al. (2015) showed 
that some older farmers in Uganda may be more likely to adopt formal seeds. Although 
all the households surveyed were ALV growers, some households received training on 
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production, marketing, seed saving, and also received improved ALV seed varieties 
through agricultural extension officers. This training was only available to members of 
farmer groups associated with the Academic Model Providing Access to Healthcare 
(AMPATH). This training may have made households more likely to purchase seeds after 
using up the improved germplasm that was provided, or it may have encouraged them 
to save their own seed after gaining guidance in this area. As above, the effect of the sex 
of the household head is expected to be positive as men have been shown in some 
cases to have higher rates of technology adoption (Doss and Morris, 2001). The species 
of the main ALV grown by the household may also be an important factor in 
determining improved variety adoption, as availability of improved variety varies with 
species (Lotter et al., 2014). Amaranth (Amaranthus spp.), nightshade (Solanum spp.), 
and cowpea (Vigna unguiculata) were the most commonly grown ALVs, and may have a 
positive or negative sign in comparison with all other ALVs grown. 
These explanatory variables are divided into categories of farmer characteristics, 
resource availability, and market integration. Eight variations of the empirical model 
were estimated: 1) using only factors related to farmer characteristics, 2) using only 
factors related to available resources, 3) using only factors related to market 
integration, 4) using factors related to farmer characteristics and resources available, 5) 
using factors related to farmer characteristics and market integration, 6) using factors 
related to resources available and market integration, 7) using all factors, and 8) using a 
forwards stepwise regression model to select only those factors most relevant to formal 
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seed adoption. Multicollinearity diagnostic tests were performed on each model based 
on the variance inflation factor (VIF) (Fox and Weisberg, 2011). No VIF values were 
greater than 3, well below the critical value of 10, indicating that multicollinearity was 
not a serious problem in each of these models.  
2.4 Results 
 Our results combined data from seed quality assessments (seed germination and 
plant yield) with evidence from our model of farmer participation in formal seed 
markets. These sections corresponded with the four factors Thiele (1999) proposed 
would predict formal seed system integration. 
2.4.1 Seed Quality 
2.4.1.1 Rate of Seed Germinability 
 Seed germination over time was used to assess the rate of seed degradation, 
which was not significantly different over time (p > 0.05). Seed germination was higher 
in informal seeds than formal seeds for both amaranth and nightshade, though time to 
germination, a proxy for seed vigor, was not significantly different (Figure 2.1).  
2.4.1.2 Yield Comparison of Formal and Informal Seeds 
 Fresh weight and leaf area were greater in plants grown from informal seed 
varieties than formal seed varieties for amaranth but not nightshade. The yield of 
amaranths from informal seed varieties was 57 per cent higher than formal seeds and 
had 42 per cent greater leaf area (Figure 2.2).  
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2.4.2 Model Comparison  
 Descriptive statistics, explanation of the variables, and the hypothesized effects 
are shown in Table 2.2. These are separated by formal and informal seed adopters in 
Table 2.3. Probit model results are presented in Table 2.4 and marginal effects in Table 
2.5.  
 There were few differences between formal seed adopters and non-adopters 
(Table 2.3). Households where ALV plots were managed by men had a higher proportion 
of participation in the formal seed market. The other difference between the two 
groups was the stated price of seeds, which was significantly less for those who 
purchased seeds (p < 0.01).  
When only farmer characteristics are considered, location was significant as well 
as the species of ALV (Table 2.4). Western province and Rift Valley high market access 
clusters were both less likely to adopt formal seeds than Rift Valley low market access 
areas.  Planting nightshade and cowpea, as compared to all other ALVs, decreased the 
probability that households would purchase seeds by 17 and 29 per cent, respectively 
(Table 2.5). Location was consistently significant in every other model in which it was 
included, with western province significantly less likely to adopt formal seeds.  The 
effect of gender of the ALV manager was not significant in any model, despite significant 
differences in adoption shown in Table 2.3. When only farmer resources are considered, 
the model improves slightly in terms of the Akaike Information Criterion (AIC) value 
(Table 2.4), which is a relative measure of quality in statistical models (Akaike, 1974). 
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Under the category of available resources, seed price was the most highly significant 
factor (p < 0.001), which was negatively associated with formal seed purchasing. Having 
a stable wage, as indicated by salary, was also significant and increased the probability 
of purchasing seeds by 20 per cent (Table 2.5). When only market integration factors 
were considered, no variables were significant at any level (Table 2.4). The marginal 
effect for selling ALVs was significant and negatively related to purchasing seed. 
 When these categories of factors were considered together in pairs, the model 
with the lowest AIC value combines farmer characteristics and market integration. 
Distance to the market was negatively associated with purchasing seeds, as it was in the 
stepwise forward model. When farmer characteristics and market integration factors 
were considered, growing ALVs for home consumption was positively associated with 
purchasing seeds, contrary to the hypothesized sign. However, when all factors were 
considered, only the effects of location, species, seed price, and distance to market 
were significant.  
 When a stepwise forward regression was used, the lowest AIC value was reached 
and five of the eight variables included were significant (Table 2.4). Farmer 
characteristics factors of location and ALV species were again significant, but available 
resource factors were important as well. The presence of a salaried family member 
increased the probability of purchasing seed but not significantly, though household 
income decreased the probability (Table 2.5). For every one per cent increase in income 
the probability of purchasing seeds decreased by 9 per cent, contrary to our initial 
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hypotheses. Seed price was again highly significant and negatively related to purchasing 
seeds (Tables 4 and 5). An increase in seed price of 100 Kenyan Shillings (0.99 USD) 
decreased the probability of purchasing seeds by 3.3 per cent (Table 2.5).  
2.5 Discussion 
 The results from the seed germination and yield studies showed that formal ALV 
seeds did not offer farmers benefits in terms of seed quality. Formal seeds actually had 
lower germination rates, took longer to germinate, and produced no greater 
harvestable yields (Figures 1 and 2). This indicates that an investment in purchasing 
seeds would not pay off through better ALV sales. Based on these data, purchasing 
seeds from formal sources may not be the best option. This may depend on the species 
of ALV, as nightshade yield showed no differences by seed type but formal seeds did 
show lower rates of germination. For the first two factors that we evaluated, rate of 
seed degradation and yield gap, we can conclude that these would not provide an 
incentive to adopt formal ALV seed. Our first conclusion is that the expansion of the 
formal ALV seed market must be accompanied with a research and development effort 
that improves seed quality over what is available informally.  
 Saving seeds instead of purchasing them takes time and may be impacted by 
how households value the tradeoff between the time to save seeds and the cost of 
purchasing them. This tradeoff is influenced by households’ available resources and 
market integration. When all variables are considered together, farmer characteristics 
such as location and preferred ALV were important, though seed price was the most 
48 
 
significant determining factor for formal market participation. The formal seeds 
available on the market were actually cheaper than the informal alternatives (Table 2.1), 
which may have contributed to the high rate (47%) of formal seed adoption. Market 
integration variables on their own did not significantly explain households’ seed 
purchasing behavior, and in the most parsimonious stepwise model, only distance to 
market was included and it was not significant. Available resources played a greater 
role, as this model compared favorably with the full model in terms of AIC value. The 
cost of formal seeds to household resources, as represented by the variable seed price, 
was highly significant (p < 0.001) in each model in which it was included. This suggests 
that, more than anything else, the financial burden placed on families by purchasing 
seeds determines whether they will or will not participate in formal seed markets. 
 The stepwise model selects variables to create the most parsimonious model to 
accurately reflect the data, and includes significant variables that correspond with 
farmer characteristics and available resources but not market integration. This suggests 
that, contrary to the framework proposed by Thiele (1999), in our model for ALVs, 
market integration factors do not accurately predict farmer seed purchasing behavior. 
This does support the hypothesis that available resources are important, which is also 
supported by the economic constraint model (Adesina and Zinnah, 1993; Fernandez-
Cornejo et al., 2005; Shiferaw et al., 2015). However, other household characteristics 
are important to take into account, such as location, gender, and crop species in order 
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to accurately characterize farmer behavior. Available resources alone do not adequately 
capture this variability, which is supported by the AIC values of these two models.  
 By far the most important variable predicting farmer participation in formal seed 
markets is the seed price. This suggests that if seed companies were able to reduce 
prices or if governments subsidized seed prices, adoption of formal ALV seed would 
increase. However, the ALV seed germination and yield data suggest that formal seed 
quality is not equal to that of farmer-saved seeds. Until local seed companies and 
agricultural input retailers are able to guarantee at least the same quality as farmers are 
able to collect themselves, it will be difficult to encourage (indeed, would be 
inappropriate to encourage) farmer loyalty to formal seeds when they do not perform 
as well. This suggests that policy focusing exclusively on formal seed systems, as has 
been common in Kenya (Munyi and De Jonge, 2015), may not necessarily help farmers 
access higher quality seeds. In the future, increased demand for ALV seeds could spur 
more competition between formal seed providers and lead to increased quality. Current 
demand levels for seed may mean that formal seeds are sitting on the shelf for long 
periods before sale, leading to lowered quality.  The sampling limitations in this study 
did not allow us to evaluate other small cities around Kenya, but future work could 
expand on this research to better understand the reasons for low formal seed quality. 
Though households may be constrained by their resources to choose saved 
seeds, it was surprising to find that increased income was negatively associated with 
purchasing seeds. This may be due in part to the lower cost of the available formal 
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seeds. Households that had at least one member with salaried employment were more 
likely to purchase seeds, which may suggest that only when income is secure and 
reliable are farmers willing to invest in formal seeds. Without this security, even 
households with higher incomes were more likely to save their own seeds.  
 Species-specific constraints also play an important role in household seed 
purchasing decisions. This study used amaranth and nightshade seeds for germination 
and yield comparisons because together they represented 73 per cent of the preferred 
ALV crop grown by households in this survey but also because they are available from 
local formal retailers. Compared to all other ALV crops, cowpea growers were much less 
likely to purchase formal seeds. This may be due to low availability of formal cowpea 
seeds, but there is also an association between location and preferred ALV crop (Fisher’s 
Exact Test, p < 0.01). This may be due to local climatic and agronomic conditions as well 
as cultural reasons. The information-diffusion model by Rogers (2003) would suggest 
that as information about a new technology spreads among neighbors, it is more likely 
to be adopted in that area. This may help explain some of the differences by region that 
were observed. 
 Though some farmer characteristics proved to be important in determining 
formal seed adoption, others had no significant impact. Contrary to Ghimire et al. 
(2015), education level did not impact farmer behavior in formal seed adoption. It was 
also surprising that the gender of the ALV farmer was never significant in any model 
either, despite significantly greater proportions of male ALV farmers purchasing seeds 
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(Table 2.3). The mean age of adopters and non-adopters was almost identical (Table 2.3) 
and was also never significant in any model. This suggests that formal seed industries 
and agricultural extension agents can target farmers of any gender, age, or education 
level when encouraging adoption of formal ALV seed. 
2.6 Summary and Conclusions 
 As our data have shown, there is much improvement needed in developing and 
promoting certified ALV seed varieties. Improving formal seed quality to match that of 
farmer-saved seeds is a necessity, as is providing a consistently high quality product. 
Improving access to, and distribution of, formal seeds is still a challenge, but keeping the 
price low is the most important factor in determining ALV seed purchasing behavior. 
Contrary to the model proposed by Thiele (1999), there is little support for the 
hypothesis that market integration positively impacts formal seed adoption, but farmer 
resources are critical to consider. Currently, there is very little incentive for households 
to adopt formal seed, despite the high percentage (47%) of the sampled households 
that did. With few available varieties and low quality, farmers may be better off saving 
their own seeds or purchasing seed from their neighbors rather than participating in 
formal seed systems.  
In this context, we would recommend strengthening informal markets rather 
than supporting formal market development, contrary to current policy (Munyi and De 
Jonge, 2015). The Quality Declared Seed system may be appropriate in this context, as a 
bridge between the gaps in formal and informal systems. The findings in this study can 
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only be applied to ALVs, which were the focus of this study, but a similar framework 
could be used to assess the relative qualities of formal and informal seed markets in 
other major crops. It is important to recognize the variation that exists between crops, 
as it would not be appropriate to apply these context-specific recommendations to 
other crops, nor would it be appropriate to assume that other seed systems accurately 
represent ALVs. Policymakers should use context-specific data and research to guide 
their decisions on seed policy, and based on this study we would recommend including 
seed quality assessments, farmer-specific characteristics, and the resources available to 
households in any model to evaluate formal seed adoption.  
Guaranteeing the high quality of seeds can help farmers budget resources 
accordingly as well as improve yields and generate income. Local governments should 
focus on strengthening informal seed systems to provide high quality ALV seeds to their 
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Table 2.1 Seed sources and prices (in Kenyan Shillings) by species and variety based on 








1 Amaranth Formal Simlaw Seeds 0.33 
2 Amaranth Formal AVRDC (UGAM40)  
3 Amaranth Formal AVRDC (AC45)  
4 Amaranth Formal AVRDC (ExZim)  
5 Amaranth Formal AVRDC (AC38)  
6 Amaranth Formal AVRDC (ExMwanga)  
7 Amaranth Informal Kakamega 0.43 
8 Amaranth Informal Eldoret vicinity 0.34 
9 Amaranth Informal Eldoret vicinity 0.41 
10 Amaranth Informal Eldoret vicinity 0.41 
11 Amaranth Informal Kipkaren 0.96 
12 Amaranth Informal Lessos 0.86 
13 Nightshade Formal Simlaw Seeds 0.25 
14 Nightshade Formal AVRDC (SS42)  
15 Nightshade Formal AVRDC (SS52)  
16 Nightshade Formal AVRDC (ExHai)  
17 Nightshade Formal AVRDC (SS49)  
18 Nightshade Formal AVRDC (BG16)  
19 Nightshade Informal Kakamega 0.33 
20 Nightshade Informal Eldoret vicinity 0.26 
21 Nightshade Informal Kakamega 0.28 
22 Nightshade Informal Kipkaren 0.44 
23 Nightshade Informal Lessos 0.57 












Seedsource What was the seed source for your primary ALV? 1 if  




Farmer Characteristics   
  Western Household is in the western province cluster, 1 if yes, 0 otherwise 0.35  
(0.48) 
+,- 





  Riftlo Household is in the Rift Valley low market access cluster (reference 





























Age What is the age of the head of your household (years)? 48.38 
(10.59) 
- 





Hhh.sex What is the sex of the head of household? 1 if male, 0 female 0.57 
(0.50) 
+ 
Primary What was the highest level of education someone in your household 




Secondary What was the highest level of education someone in your household 




college              What is the highest level of education someone in your household has 




Resources Available   
salary                Is there someone in your household who has permanent (salaried) 




Obtained Have any of your household members obtained credit in the last  














Mth_food In 2012, for how many months did the household have adequate  




Motorcycle Does your household own a motorcycle? 1 if yes, 0 otherwise 0.09 
(0.29) 
+ 













Market Integration   
Sell_alvs Did you sell any ALVs in the last two years? 1 if yes, 0 otherwise 0.99 
(0.08) 
+ 
Extension Has anyone in the household accessed agricultural extension in the last 




Reason.grow.price What is the main reason your household grows ALVs? 1 if good  




Reason.grow.eat What is the main reason your household grows ALVs? 1 if home  













Figure 2.1 Germination (%) and mean time to germination (days) by species and seed 
type. Light gray bars represent formal seeds while dark bars represent informal seeds. 





Figure 2.2 Yield (g) and leaf area (cm2) by species and seed type. Light gray bars 
represent formal seeds while dark bars represent informal seeds. Error bars are ± SE of 






Table 2.3 Characteristics of households that use saved seeds and purchased seeds for 
their primary ALV crop. * p < 0.10, ** p < 0.05, *** p < 0.01, **** p < 0.001. 
 Saved Seeds Purchased seeds  
 Mean SD Mean SD P value 
Farmer Characteristics      
   western 0.48 (0.50) 0.39 (0.49) 0.36 
rifthi 0.47 (0.50) 0.43 (0.50) 0.76 
riftlo 0.41 (0.49) 0.60 (0.50) 0.10 
female_manager 0.65 (0.05) 0.53 (0.05) 0.14 
male_manager 0.14 (0.03) 0.24 (0.03) 0.03** 
joint_manager 0.22 (0.04) 0.24 (0.04) 0.94 
amaranth 0.13 (0.03) 0.19 (0.04) 0.19 
nightshade 0.62 (0.05) 0.52 (0.05) 0.31 
cowpea 0.10 (0.03) 0.04 (0.03) 1.00 
other 0.15 (0.04) 0.25 (0.04) 1.00 
age 48.71 (1.10) 48.24 (1.04) 0.53 
ampmemb 0.57 (0.05) 0.57 (0.05) 0.88 
Hhh.sex 0.53 (0.05) 0.59 (0.05) 0.40 
primary 0.45 (0.50) 0.47 (0.51) 1.00 
secondary 0.47 (0.50) 0.44 (0.50) 0.83 
highsted 0.45 (0.50) 0.48 (0.51) 0.95 
Resources Available      
salary 0.05 (0.03) 0.10 (0.03) 0.36 
obtained 0.30 (0.44) 0.25 (0.41) 1.00 
Log(income) 10.93 (0.04) 10.66 (0.04) 0.15 
savemoney 0.52 (0.05) 0.54 (0.05) 0.27 
mth_food 6.90 (0.34) 7.54 (0.33) 0.36 
log(acres) 1.22 (0.06) 1.16 (0.05) 0.57 
Motorcycle 0.10 (0.03) 0.07 (0.02) 1.00 
Motorvehicle 0.00 (0.02) 0.04 (0.02) 0.52 
log(Large.livestock) 1.25 (0.08) 1.03 (0.08) 0.84 
Seedprc 12.32 (0.42) 10.49 (0.38) 0.01** 
Market Integration      
sell_alvs 1.00 (0.04) 0.99 (0.04) 0.29 
extension 0.65 (0.05) 0.59 (0.05) 0.28 
reasongrowprice 0.33 (0.04) 0.34 (0.04) 0.94 
reasongroweat 0.35 (0.05) 0.43 (0.05) 0.32 




Table 2.4 Parameter estimates for each stepwise model of farmer adoption of formal ALV seeds. * p < 0.10, ** p < 0.05, *** p <65 
0.01, **** p < 0.001. 






FC+RA FC+MI RA+MI Full model Stepwise 
Intercept 1.03 1.73 5.37 3.90*** 6.26 7.06 9.35 3.88**** 
Farmer Characteristics         
Western -0.68**   -0.89** -0.69**  -0.86** -0.69** 
Rifthi -0.54*   -0.50 -0.47  -0.33  
Female_manager -0.40   -0.31 -0.46  -0.20  
Joint_manager -0.29   -0.16 -0.36  -0.03  
Amaranth  0.06   -0.47  0.11  -0.47  
Nightshade -0.48   -0.71** -0.50*  -0.77** -0.45* 
Cowpea -0.89*   -1.44** -1.08**  -1.60***  0.98** 
Age  0.00    0.00  0.00   0.00  
Ampmemb -0.01    0.01  0.13   0.09  
Hhh.sex  0.13    0.25  0.12   0.29  
primary  0.09    0.02 -0.02  -0.15  
college  0.21    0.45  0.23   0.42  
Resources Available          
Salary   0.58**   0.65   0.56  0.63  0.67 
Obtained  -0.22  -0.36  -0.20 -0.37  
Log_income  -0.18  -0.25*  -0.18 -0.24 -0.27** 
Savemoney   0.35   0.22   0.38  0.29  
Mth_food   0.04   0.02   0.06  0.03  
Log.acres  -0.08  -0.02  -0.07 -0.02  
Motorcycle  -0.51  -0.81  -0.48 -0.79  
Motorvehicle   6.10   5.90   6.16  6.40  5.77 
Log.livestock  -0.13  -0.05  -0.08  0.00  
Seedprc  -0.08***  -0.12****  -0.09*** -0.13**** -0.10**** 
Market Integration         
Sell_alvs   -5.05  -4.89 -4.85 -4.99  
Extension   -0.18  -0.31 -0.08 -0.07  





Table 2.4 Continued 






FC+RA FC+MI RA+MI Full model Stepwise 
reasongroweat    0.28   0.41  0.15  0.25  
Log.timemkt   -0.14  -0.12 -0.20 -0.25* -0.20 





Table 2.5 Marginal effects for each stepwise model of farmer adoption of formal ALV seeds. * p < 0.10, ** p < 0.05, *** p < 0.01, 
**** p < 0.001. 






FC+RA FC+MI RA+MI Full 
model 
Stepwise 
Farmer Characteristics         
Western -0.24**   -0.23** -0.26***  -0.25** -0.22*** 
Rifthi -0.19*   -0.16 -0.15  -0.10  
Female_manager -0.15   -0.16 -0.10  -0.06  
Joint_manager -0.10   -0.12 -0.05  -0.01  
Amaranth  0.02    0.04 -0.14  -0.13  
Nightshade -0.17*   -0.18* -0.22**  -0.23** -0.15* 
Cowpea -0.29**   -0.32*** -0.35****  -0.37**** -0.28*** 
Age  0.00    0.00  0.00   0.00  
Ampmemb  0.00    0.04  0.00   0.03  
Hhh.sex  0.05    0.04  0.08   0.09  
Primary  0.03   -0.01  0.00  -0.04  
College  0.08    0.08  0.14   0.13  
Resources Available         
Salary   0.20    0.20  0.19  0.19  0.22 
Obtained  -0.08   -0.11 -0.07 -0.07  
Log_income  -0.06   -0.08* -0.06  0.09 -0.09*** 
Savemoney   0.12    0.07  0.13  0.01  
Mth_food   0.02    0.01  0.02 -0.01  
Log.acres  -0.03   -0.01 -0.02 -0.11  
Motorcycle  -0.17   -0.23* -0.15 -0.22  
Motorvehicle   0.57****    0.57****  0.57****  0.57****  0.56**** 
Log.livestock  -0.05   -0.02 -0.03  0.00  
Seedprc  -0.03***   -0.04**** -0.03***  0.04**** -0.03**** 
Market Integration         
Sell_alvs   -0.55**** -0.55****  -0.55**** -0.55  
Extension   -0.07 -0.11  -0.03  0.02  
reasongrowprice    0.05  0.03   0.06  0.05  
reasongroweat    0.11  0.15   0.05  0.08  
Log.timemkt   -0.05 -0.04  -0.07 -0.08* -0.07 
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CHAPTER 3. RESPONSES OF AFRICAN VEGETABLE AMARANTH (AMARANTHUS SPP.) 
LANDRACES TO DROUGHT STRESS 
3.1 Abstract 
Vegetable amaranth (Amaranthus spp.) is a drought-tolerant crop widely grown 
and consumed for its nutritious leaves in many parts of the tropics, including East 
Africa.  Smallholder farmers who raise vegetables face various production issues, 
including a lack of high-quality germplasm and rainfall variability.  The goal of this 
research was to investigate the drought responses of eight landraces of vegetable 
amaranth collected from different parts of East Africa.  Transpiration, stomatal 
regulation, stomatal density, and drought tolerance were evaluated.  Drought response 
at different stages of plant development was also determined in one landrace.  Under 
short-term drought stress, the landrace ExZim was the most drought tolerant in terms of 
biomass accumulation whereas the landrace AC45 was the most drought tolerant under 
extended drought.  Drought during later stages of development (20-25 nodes) had the 
greatest negative impact on biomass production.  There was no clear relationship 
between drought response and transpiration, stomatal regulation, or stomatal density 
in these landraces.  These experiments demonstrate variation in physiological 
characteristics and drought tolerance among landraces.  This information can assist 
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farmers in the use of scarce water resources and will help focus breeding efforts for 
developing drought-resistant varieties of vegetable amaranth.
3.2 Introduction 
For farmers in water-limited areas, drought-resistant crops can improve 
production and profit even under adverse rainfall variation (Thomas et al., 2007).  
Selecting the right crop and the most appropriate cultivar or landrace of that crop is 
critical to balance the productivity and resilience of crops. Knowing the degree of water 
stress that a crop can endure before its capacity to recover is lost can empower farmers 
to make management interventions that conserve water and supply irrigation water in 
the right amounts at the right time.   
Amaranth (Amaranthus spp., most commonly Amaranthus cruentus L. in Kenya) 
is a crop that has been grown as both a grain and a leafy vegetable for thousands of 
years in water stressed parts of the world (Kauffman and Weber, 1990).  Much more 
research has been performed on grain amaranths, commonly grown in the Americas 
(Kauffman and Weber, 1990). In Africa, amaranths are cultivated primarily as leafy 
greens and are grown extensively, partly because of their drought tolerance (Beletse et 
al., 2009; Olufolaji and Ojo, 2010).  Amaranth varieties have been shown to respond 
differently to water stress (Liu and Stutzel, 2002a; 2002b; 2004) but it is unclear how 
their responses may change to different types of water stress.  Understanding the 
drought response capabilities of different varieties can help identify the best seed 
sources for farmers in areas with different water limitations.  In addition, understanding 
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the relationship between drought response strategies and plant growth will help 
breeders identify traits for developing more drought-tolerant lines of amaranth.   
Amaranth is widely grown throughout East Africa and can be a better choice 
than exotic crops such as kale, collards, spinach or cabbage because it is well adapted to 
local agroecological conditions (Ekesa et al., 2009).  Amaranth leaves are very nutritious, 
providing vitamins A, B, and C, as well as calcium, iron, and potassium at concentrations 
similar to and often greater than exotic species (Orech et al., 2007; Uusiku et al., 2010).   
Amaranths are C4 plants (Achigan-Dako et al., 2014) which are typically more 
drought tolerant than C3 plants (Bull, 1969; Monneveux and Belhassen, 1996).  The 
climate of East Africa is varied, encompassing both hot, arid areas and cool, highland 
areas of high rainfall.  Rainfall in Kenya varies from 13 - 193 cm per year (Nations 
Encyclopedia, 2015).  Furthermore, rainfall patterns differ, with some areas receiving 
two rather reliable periods of rain (e.g. short and long rains in the western highlands) 
which can start and end at different times of the year, while other areas receive a single 
rainy season that can be unreliable in terms of timing and duration.  Production is 
limited by water availability because vegetable amaranth production is almost 
exclusively grown under rain-fed conditions (Okeno et al., 2002; Rockstrom et al., 2010), 
which confines its cultivation to the rainy seasons.  Access to irrigation is low but 
selecting high-quality germplasm that combines high yields with drought tolerance has 
the potential to boost yields and lengthen the effective growing season for the crop.  In 
western Kenya, for example, there are usually two rainy seasons: the “short rains”, 
(approximately October-December) and the “long rains” (approximately March-June).  
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Vegetable amaranth can be reliably grown in the long rains but are more likely to suffer 
water stress in the short rains.  
Plant responses to water stress are complex and diverse, and depend on a 
variety of genetic and environmental factors.  Plants integrate multiple stimuli and 
allocate resources in various ways to persist under environmental stress.  Responding 
early to water stress can be beneficial for short term survival, while acclimation can only 
occur after altered gene expression, which promotes survival under prolonged water 
stress (Bohnert and Sheveleva, 1998; Chaves et al., 2002).   
 When plants experience water deficit, stomata are closed to reduce 
transpiration, but this comes at the expense of carbon fixation (Muchow and Sinclair, 
1989; Wilkinson and Davies, 2002; Chaves et al., 2004).  How well the plant balances 
transpiration and photosynthesis ultimately determines how well it survives in both the 
short and long term (Bohnert and Sheveleva, 1998; Chaves et al, 2002).  Plants have 
evolved a number of drought resistance mechanisms to either adapt to, or avoid, these 
problems, but our understanding of the complex nature of drought responses remains 
incomplete (Blum, 1996; Monneveux and Belhassen, 1996). 
Plant responses are highly species-specific and environment-specific, which 
makes generalizing across conditions difficult (Wilkinson and Davies, 2002; Yoo et al., 
2009).  Water relations vary among amaranth cultivars (Liu and Stutzel, 2002a; 2002b; 
2004; Olufolaji and Ojo, 2010; Slabbert et al., 2013).  Lal and Edwards (1996) showed 
that amaranth could recover rapidly from drought, even after seven days without water, 
when photosynthesis had dropped below 5-10% of the original rate.  Whitehead and 
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Singh (1992) showed that amaranth yields were not reduced until soil water content fell 
below 3%.  Amaranth may be especially resilient to stress due to its capacity to mobilize 
non-structural carbons in stem and root tissue in order to rebuild lost leaf biomass 
(Vargas-Ortiz et al., 2013).  Many species, including amaranth, reduce leaf area under 
water stress while increasing the percentage of root biomass (Liu and Stutzel, 2004).  
This allows water stressed plants to create a more favorable balance between water 
source and water sink organs.  Different rates of leaf expansion, osmotic adjustment, 
and biomass partitioning have been shown across four varieties of amaranth collected 
from different parts of the world (Liu and Stutzel, 2002a; 2002b; 2004).  Additionally, 
amaranth cultivars have shown plasticity in stomatal density and size in response to 
drought (Yarnia et al., 2012).  Extended periods without irrigation reduced stomatal 
density on both adaxial and abaxial sides, but stomatal size was reduced only on the 
adaxial side (Yarnia et al., 2012).  Reducing the area by which plants can lose water is a 
critical drought response seen in amaranth, but these must inevitably lead to tradeoffs 
with carbon assimilation capacity (Chaves et al., 2002).   
The developmental stage at which stress occurs can also impact the water stress 
response (Ayodele, 1999; Angadi et al., 2000; Gan et al., 2004).  Various studies have 
looked at drought stress in amaranth growth and development, although the focus has 
been on grain production and not vegetative stages.  Yarnia et al. (2011) and Mlakar et 
al (2012) showed that drought was most detrimental to amaranth grain yield when it 
occurred during the early stages of flowering.  Ayodele (1999) found that stressing 
amaranth at seed formation had the most negative effects on plant biomass.  Less 
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research has been devoted to vegetable amaranth, however, and the impacts of water 
stress at vegetative stages of development on leaf yield have not been investigated. 
Developing a better understanding of the impacts of water stress on vegetable 
amaranth biomass will help to fill gaps in knowledge related to this important crop.  
Identifying drought resistant germplasm will increase the resiliency of agricultural 
systems in East Africa and could be adapted to other regions of the world (Ekesa et al., 
2009; Alemayehu et al., 2014).  There is inherent variability in the thousands of 
amaranth varieties that exist around the world (Achigan-Dako et al., 2014) which could 
be utilized to meet farmers’ needs and improve nutritional security.  This potential has 
not been extensively explored.  The goal of this research was to characterize differences 
in the response of eight landraces of vegetable amaranth to drought stress.   
3.3 Materials and Methods 
3.3.1 Plant Materials and Plant Growth 
Eight landraces of vegetable amaranth (Amaranthus spp.) from across East Africa 
were obtained from the World Vegetable Center in Arusha, Tanzania (Asian Vegetable 
Research and Development Center, or AVRDC) (Table 3.1).  These landraces have not all 
been fully identified or characterized but were chosen in consultation with the AVRDC.  
Farmers collaborating with the AVRDC evaluated a selection of amaranth landraces 
through a participatory breeding project and selected these eight cultivars based on 
agronomic and aesthetic qualities.   
Plants were grown in a soilless medium (Fafard #2, Agawam, MA) in a 
greenhouse (24oC daytime/18oC night, photoperiod maintained at least 12 h per day 
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with supplemental lighting), except for plants used for transpiration measurements and 
the short-term drought experiment (experiment 2, see below), which were maintained 
in a growth chamber (Conviron, Winnipeg, Canada, 125 μmole m-2 s-1, constant 22oC).  In 
experiments 3 and 4 (see below), the growth medium was supplemented with 3 g/L 
slow-release fertilizer (Osmocote Smart-release Plant Food, 14-14-14, Marysville, OH).  
Soil moisture content was monitored continuously in experiments 3 and 4 
(Supplemental Figure 3.1) with soil moisture probes (10HS Large Volume Soil Moisture 
Probe, Decagon Devices, Pullman, WA) that triggered drip irrigation when substrate 
water content fell below a given threshold, which varied depending on the experiment 
and treatment (see below).  These experiments used automated irrigation controller 
that connected to the moisture sensors and a datalogger to measure volumetric water 
content every five minutes, triggering 60 seconds of irrigation every time the water 
content fell below each set point as required (Nemali and van Iersel, 2006). 
3.3.2 Experimental Design 
Multiple experiments were conducted that assessed different aspects of drought 
response in amaranth.  In the first experiment, eight amaranth landraces (Table 3.1) 
were grown in a completely randomized design and transpiration, stomatal regulation, 
and stomatal density were measured (see below).  Transpiration measurements were 
based on two plants from each landrace replicated twice and grown under growth 
chamber conditions with 12 hour day and light cycles (see above).  Eight samples were 
taken for each of the eight landraces to quantify stomatal regulation (see below), and 
this was repeated in full as well.  For stomatal density, four replicate samples for each of 
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the eight landraces were taken and four subsamples from each were analyzed for 
adaxial and abaxial stomatal density and stomatal index for a total of 256 observations 
after replication.  Each set of measurements were repeated in full and pooled after it 
was determined that they passed Levene’s test for equality of variances (p > 0.05).  
In the second experiment, four landraces (AC45, AM38, ExZan, and ExZim) were 
subjected to short-term drought of 0-6 days without water and leaf area and dry weight 
were measured.  Thirty-two plants of each landrace were grown for five weeks in 10 cm 
square pots under greenhouse conditions as discussed above.  At five weeks, plants 
were arranged in a randomized complete block design in a growth chamber with 14 
hour light cycles (see above).  After a three-day period in the growth chamber, four 
treatments were initiated with eight replicate plants for each variety-treatment 
combination.  Water was withheld for 0 (the fully-watered control), 2, 4, or 6 days and 
then all plants were re-watered for at least three days to allow plants to recover.  When 
watered, plants were given 30 mL of water daily.  Daily stomatal conductance 
measurements were taken on each plant for the duration of the experiment as 
described below and leaf area and biomass were assessed on day 9 after re-watering 
(see below).  All plants survived.  The experiment was repeated and data were pooled 
after it was determined that they passed Levene’s test for equality of variances (p > 
0.05). 
In the third experiment, AC45, AM38, ExZan, and ExZim were subjected to 
moderate long-term drought conditions for up to six weeks.  Seeds of AC45, AM38, 
ExZan, and ExZim were sown into 90 cm long x 60 cm wide x 30 cm tall plastic bins filled 
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with soilless media (Fafard #2, 55% peat moss, 25% vermiculite, and 20% perlite).  Three 
plants of each of the four varieties were maintained in each bin, with their placement 
randomized.  Plants were grown for five weeks before half of the bins were randomly 
assigned to the drought treatment.  Control treatments were maintained at 0.40 m3/m3 
soil volumetric water content and 0.10 m3/m3 for the drought treatment.  Aboveground 
biomass and leaf area were sampled from each bin x variety combination at the 
baseline, after two weeks, and after four weeks of growth as described.  Stomatal 
conductance, relative water content, leaf area, and dry weight were measured (see 
below). The experiment was a split-plot design with twelve replicate plants per variety-
treatment combination and was repeated twice.  
In the fourth experiment a single variety, AHTL, was selected as it had the 
longest vegetative stage of the landraces tested, and was subjected to drought at 
different stages of vegetative development.  Stages of development were used rather 
than time periods in order to reflect physiological age rather than chronological age 
(Lancashire et al., 1991).  Plants were grown under greenhouse conditions in 12 L pots 
as described above.  Drought was imposed by maintaining soil moisture at 30% of water 
holding capacity while the watered treatment was kept at 90% water holding capacity 
(Supplemental Figure 3.1).  Plants were subjected to drought at the 10-15 nodes, 15-20 
nodes, or 20-25 nodes stages of development (Table 3.2), corresponding to early, mid, 
and late vegetative growth for this landrace.  Drought stress was confirmed through 
Relative Water Content measurements (see below).  Sixty plants were arranged in a 
randomized complete block design with five replicates for each block x treatment 
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combination.  Plants were harvested when the average number of nodes across all 
treatments reached 25.  Leaf area and biomass were measured (see below). The 
experiment was repeated and data were pooled after it was determined that they 
passed Levene’s test for equality of variances (p > 0.05). 
3.3.3 Parameters Measured 
3.3.3.1 Transpiration 
Transpiration was estimated gravimetrically over a 36 h period in eight replicate 
28 day-old plants of each variety. Plants were sealed from moisture loss with plastic 
wrap and placed on individual digital top-pan balances (Mettler Toledo, Precision 
Balance, Columbus, OH) connected to a laptop which recorded weight every five 
minutes.  Leaf area was quantified for each plant after 36 h by image analysis (ImageJ, 
National Institutes of Health) of digital photographs of excised leaves and transpiration 
was expressed on a per leaf area basis.  Weight data were regressed using a 12-point 
moving average and fit to a cubic polynomial function.  Transpiration rate was 
calculated based on this equation and expressed as mmol water lost cm-2 s-1 (Yoo et al., 
2010). 
3.3.3.2 Stomatal Regulation 
The third fully expanded leaf from the top of one-month-old, well-watered 
plants was excised, soaked until turgid, and maintained at 22 oC in a growth chamber for 
three hours (Hygen, 1951; Clavel et al. 2005).  Leaf weight was measured every five 
minutes for the duration of the experiment on a balance (Mettler Toledo, Precision 
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Balance) attached to a laptop as described above.  Leaves were then dried in an oven at 
65oC until constant weight was achieved. Relative Water Content (RWC) was calculated 
using the following equation: 
 
The slope of the RWC decline curve was plotted for each plant and piecewise regression 
was used to identify its point of inflection (Supplemental Figure 3.2).  Piecewise (or 
segmented) regression partitions the independent variable into two intervals, which are 
fit to separate lines until the best fit is achieved (McZgee and Carleton, 1970).  This point 
of inflection is designated the “change point,” which reveals the point at which stomata 
begin to close.   
Stomatal Density 
 Adaxial and abaxial leaf surface imprints were taken of the newest fully 
expanded leaf from plants grown in greenhouse conditions (see above) for experiment 1 
using cyanoacrylate droplets and transferred to glass slides.  From each of these 
impressions, four images of approximately 0.07 mm2 were collected using a light 
microscope and digital camera (Nikon-Optiphot2, Tokyo, Japan).  The total number of 
stomata and pavement cells were counted in each image.  Stomatal density was 
calculated as the number of stomata per area and the stomatal index is the ratio of 
stomata to total epidermal cells (Weng et al., 2012). 
79 
 
3.3.3.3 Leaf Area and Dry Biomass 
Leaf area was measured with a leaf area meter (LI-3100 Area Meter, LI-COR, 
Lincoln, NE). Dry biomass was measured by drying leaves and stems in an oven at 65 oC 
for a minimum of 3 days until weights stabilized. 
Stomatal Conductance and Relative Water Content (RWC) 
Stomatal conductance was monitored daily in experiment 2 and every three days 
in experiment 3.  Rates of stomatal conductance were measured on the newest fully 
expanded leaf of the selected plant between the hours of 11:00 and 13:00 using a leaf 
porometer (SC-1 Leaf Porometer, Decagon Devices, Pullman, WA).  Relative Water 
Content was assessed as in stomatal regulation (see above) and calculated using the 
formula above.   
3.3.4 Results  
3.3.5 Experiment 1 – Varietal Differences 
3.3.5.1 Transpiration 
 Transpiration rates differed among landraces, but the differences were greater 
for minimum transpiration than maximum transpiration rate (Figure 3.1).  Ibondwe had 
the highest mean maximum (1.39 mmol H2O cm-2 s-1) and minimum (0.49 mmol H2O cm-
2 s-1) transpiration rate while AM38 had the lowest maximum (1.17 mmol H2O cm-2 s-1) 
and minimum (0.33 mmol H2O cm-2 s-1) transpiration rate.  Some other varieties showed 
greater reductions in nighttime minimum transpiration, such as AC45, for which the 
transpiration decreased to 27.7% of the daytime maximum.  Ibondwe and AM38 were 
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the only two landraces to be significantly different in maximum daytime transpiration 
rate.  For minimum transpiration rate, both AM38 and AC45 had significantly lower 
rates than ExZim, Ibondwe and UGAM40 (Figure 3.1).   
3.3.5.2 Stomatal Regulation 
 Change points (% RWC) were calculated using piecewise linear regress and reveal 
the point at which stomata start to close (Figure 3.2).  Among the eight landraces, 
change points varied by variety from 50.2% RWC in AHTL to 39.4% RWC in AM38.  AHTL 
was only significantly different from AM38 and AC45 (Figure 3.2).  This suggests that 
these eight landraces will begin to react to drought stress by closing stomata within a 
narrow range of RWC values and at similar levels of water stress. Despite these small 
differences, there was no significant relationship between change point and maximum 
or minimum transpiration rate.  Based on these results, two landraces with lower 
change points (AM38 and AC45) and two landraces with higher change points (ExZan 
and ExZim) were selected for further drought studies to see if these differences could be 
related to whole-plant drought responses. 
3.3.5.3 Stomatal Density 
 Abaxial and adaxial stomatal densities are shown in Figure 3.3.  Adaxial density 
was higher than abaxial density in AC45 and ExZan while the opposite was true in every 
other variety.  However, stomatal index was higher for abaxial than adaxial surfaces in 
all varieties, which would be caused by differences in cell size between the two leaf 
sides.  Ratios of abaxial to adaxial stomata were greater than one for every landrace 
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except for AC45 and ExZan, where they were 0.68 and 0.81, respectively.  The 
differences among varieties were only significant for abaxial stomata.  There was no 
significant relationship between stomatal density and transpiration rates.  In general, 
the differences among stomatal indexes were smaller than the differences between 
stomatal densities. 
3.3.6 Experiment 2 - Short-term Water Stress 
 The short-term water stress experiment evaluated four of the original eight 
landraces for response to acute stress.  These varieties were selected based on their 
high change points (AC45 and AM38) or low change points (ExZan and ExZim).  The 
short-term water stress experiment revealed significant reductions in plant leaf area 
and dry weight for all varieties except ExZim (Figure 3.4).  Even when water was 
withheld for six days, ExZim showed no differences in dry weight at harvest, though leaf 
area was reduced.  All other varieties experienced significant declines in leaf area and 
dry weight when water stress was applied for six days.  Reductions in leaf area and dry 
weight were most dramatic in AM38, which showed 38% and 61% reductions in dry 
weight and leaf area, respectively, after six days of water stress relative to the control 
treatment.  ExZim showed a smaller reduction of 25% in dry weight with six days of 
water stress, though it also had the lowest biomass under control conditions as well.  
 Relative reductions in stomatal conductance are shown in Figure 3.5.  Each 
landrace had significant reductions in conductance over time and showed increased 
conductance after re-watering, though only ExZan has significant differences between 
the control and the drought treatment with 4 days of water stress by day 9.  
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Conductance remained stable for the treatment with 2 days of stress and was never 
significantly different from the control for all varieties.  Based on the change point data 
in Figure 3.2, we would have predicted that AC45 and AM38 would respond to drought 
stress later than ExZan and ExZim, but this is not supported by Figure 3.5.  AM38 and 
ExZim were the landraces to show the earliest signs of reduced conductance but also 
recover the most quickly after 4 days of drought stress.  ExZim was the variety least 
impacted by acute water stress in both biomass and relative conductance, but it was 
also the smallest plant under fully watered conditions. 
3.3.7 Experiment 3 - Extended Water Stress 
 The same four landraces were subsequently planted together and exposed to 
less severe but more long-term drought.  The effects of water stress on conductance in 
this experiment are shown in Figure 3.6.  Declines in conductance became significant in 
each variety after ten days, but no differences were significant after 19 days.  Plants 
were harvested sequentially at the baseline, 2 weeks, and 4 weeks, which meant that 
after 14 days there were fewer plants sharing the same water resources in each bin, 
which may explain increases in relative conductance.  Plant biomass in terms of leaf 
area and dry weight were reduced in all landraces except for AC45 (Figure 3.7).  Leaf 
area was 32.5% - 35.7% lower in water stressed treatments for AM38, ExZan, and ExZim.  
Dry weight was only significantly different for ExZan (Figure 3.7).  AC45 showed no 
differences by either measure of yield.   
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3.3.8 Experiment 4 - Drought across Growth Stages  
 Drought applied at the 10-15 node and 15-20 node stages did not affect leaf area 
or dry weight relative to the control (Figure 3.8).  Drought at the latest stage of 
development (20-25 nodes) reduced both leaf area and dry weight.  Plants exposed to 
drought during the 20-25 node stage were the only ones different from the control in 
terms of leaf area, but dry weight was significantly lower than all other treatments.  
Media water content in Supplemental Figure 3.1 shows stable water content after 
drought was imposed for each treatment once the minimum level of water holding 
capacity was reached. 
3.4 Discussion 
This research investigated the drought tolerance of amaranths commonly grown 
in Kenya (and many other parts of sub-Saharan Africa) that are already considered 
among the most drought tolerant and nutritious vegetable species (Orech et al., 2007; 
Beletse et al., 2009; Uusiku et al., 2010).  Though amaranth is a drought-resistant crop, 
the degree of drought resistance varies across varieties (Liu and Stutzel, 2002a; 2002b; 
2004) and has not been fully explored.  The purpose of this research was to learn more 
about these plants to see if interventions are possible that could increase their utility 
even further.  A better understanding of the diversity of amaranth varieties, cultivars, 
and landraces can help match the needs of each region with amaranth varieties that are 
well adapted to local environmental conditions.  This can help boost productivity, 
improve nutritional security, and increase farmer incomes. 
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We studied eight landraces of amaranth in an experiment to measure their rates 
of transpiration, stomatal densities, and investigated stomatal closure under water 
stress.  Transpiration rates showed greater differences in minimum transpiration than 
maximum transpiration (Figure 3.1), which suggests that these landraces differ more in 
their ability to minimize water loss during dark cycles.  This may be particularly 
important during long periods of stress, as AC45 showed one of the greatest reductions 
in minimum transpiration rates as well as better tolerance to long-term stress.  Unlike 
Liu and Stutzel (2002a), we did not find a relationship between transpiration and 
stomatal characteristics.  This suggests that this correlation, which was shown in other 
amaranth varieties, does not hold true for all accessions.  This is supported by the work 
of Liao et al. (2005) who found no relationship between stomatal density and 
transpiration rates in wheat cultivars.  The unexpectedly low abaxial stomatal density in 
AC45 and ExZan in comparison with their abaxial stomatal density may be explained by 
differences in cell density and size, as the stomatal index for each showed higher abaxial 
values.  Larger abaxial cells may lead to lower stomatal density, while stomata as a 
percentage of all cells remains unchanged.  Stomatal regulation of water loss is still very 
important during drought stress, but we did not find any clear relationship between 
change point and drought response, unlike Clavel et al. (2005).  The lack of correlation 
between transpiration and change point shows that these characteristics vary 
independently of each other.  
From the eight landraces, we chose four for further study: two that exhibited 
low change points (AC45 and AM38) and two that exhibited high change points (ExZim 
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and ExZan) (Figure 3.2).  These four landraces were then exposed to extended drought 
and responded quite differently.  Specifically, in the short-term drought experiment, in 
which plants were subjected to water deficits of 0-6 days, all varieties except for ExZim 
showed significant dry weight reductions (Figure 3.4).  In the long-term drought 
experiment, AC45 showed no significant effects of long-term drought while AM38, 
ExZan, and ExZim were all negatively impacted, demonstrating the variability of drought 
response among accessions of vegetable amaranth (Figure 3.7).  This suggests that these 
landraces make tradeoffs between short- and long-term stress, as no one variety 
showed tolerance to both.   
Previous research has suggested that varieties with higher change points 
maintain greater RWC during stress, which may lead to faster recovery and improved 
later growth (Blum, 1996; Clavel et al., 2005).  Though ExZim exhibited both a high 
change point (Figure 3.1) and the fastest recovery from acute water stress (Figure 3.5), 
ExZan also had a high change point and was slow to recover from stress.  Some of the 
tolerance shown by ExZim may be due to its smaller biomass and leaf area, which could 
reduce the amount of water required for plant growth.  When exposed to the same 
rates of soil moisture as other varieties, it showed reductions in leaf area but not dry 
weight (Figure 3.7).  The rates of transpiration of the different varieties were not directly 
related to stomatal density or the rate of stomatal closure as deduced from change 
point analysis.  Thus, although our experiments demonstrate the variability of this 
species, these particular data do not elucidate mechanism.  Further research should 
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explore the role of stomatal size, which was not evaluated, to look for potential 
relationships with transpiration rate and change points. 
When drought was imposed at different stages of vegetative development 
considered to represent early (10-15 nodes), mid (15-20 nodes), and late (20-25 nodes) 
stages of development, we found that drought at the late stage was more detrimental 
to yield than drought imposed at the earlier stages in terms of leaf area and biomass.  
This finding is important because most research to date on food amaranths has been on 
grain rather than vegetable amaranths, in which Yarnia et al. (2012) and Mlakar et al. 
(2012) have shown that drought stress at early stages of reproductive growth is the 
most detrimental.  These experiments collectively show that drought response will vary 
depending on the variety of amaranth as well as the timing, duration, and severity of the 
water stress.  Based on our results so far, no one landrace demonstrated tolerance to all 
types of water stress, suggesting that having a diverse set of varieties may be the best 
way to ensure harvest in times of water stress.  This reinforces the importance of 
preserving and investigating the extensive diversity of amaranth landraces and cultivars. 
Our experiments were conducted under controlled conditions in growth 
chambers and in the greenhouse so we cannot overextend our conclusions to making 
grower recommendations at this time.  In the future, additional varieties should be 
tested under a wide range of field conditions.  Nonetheless, the experiments performed 
here have added to the knowledge base of the diversity of vegetable amaranth 
landraces, which have received little research attention to date.  For example, AC45 and 
ExZan showed higher adaxial stomatal densities than abaxial, unlike other amaranth 
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varieties and most other plants.  Exactly how these varieties would perform in the field 
is not yet known and warrants further research.  However, it is clear that such research 
would be important in providing agronomic recommendations that could match specific 
amaranth varieties to the different climate patterns found in sub-Saharan Africa.   
This research has confirmed the findings of Whitehead and Singh (1992), Lal and 
Edwards (1996), and Liu and Stutzel (2002a; 2002b; 2004), who have all shown that 
amaranth is a drought-tolerant crop.  Of the thousands of amaranth varieties and 
accessions (Achigan-Dako et al., 2014), this research has only examined eight but even 
among these varieties there were differences in response to many various types of 
water stress.  We hope that this research, which illustrates the vast genetic resources 
represented by vegetable amaranths, will encourage further research in this area. 
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Table 3.1 Source and primary use of amaranth landraces used in our experiments. 
Accession  Source Amaranth Type Alternate Names 
AC-45 AVRDC Rwanda Vegetable Am32, RW-AM-16 
AC-NL AVRDC Tanzania Grain/Vegetable Am34 
AH-TL AVRDC Vegetable Am35 
AM38 AVRDC Rwanda Grain/Vegetable Madiira 2, Am33, RW-AM-1 
Ex-Zan AVRDC Tanzania Vegetable Am37 
Ex-Zim AVRDC Vegetable Madiira 1, Am36 
Ibondwe ZAMSEED Zambia Vegetable UNZAA1 





Table 3.2 Summary of drought treatments for Experiment 4.  Plants were maintained at 
90% water holding capacity (WHC) for fully watered conditions or 30% WHC for water 
stressed conditions. 
 10-15 nodes 15-20 nodes 20-25 nodes 
Stage Duration Run 1 (days) 14 10 8 
Stage Duration Run 2 (days) 10 8 7 
Treatment 1 (control) 90% WHC 90% WHC 90% WHC 
Treatment 2 30% WHC 90% WHC 90% WHC 
Treatment 3 90% WHC 30% WHC 90% WHC 






Figure 3.1 Transpiration daytime maximums and nighttime minimums (mmol H2O/cm2 
·s) for eight landraces of amaranth.  Top panel represents daytime maximum while 
bottom panel represents nighttime minimum for the second dark period out of a 36-
hour cycle.  Error bars are ± 1 standard error of the mean.  Bars not connected by a 



































Figure 3.2 Change point for each of the linear regressions modeling water loss for the 











Figure 3.3 Stomatal density and stomatal index for eight landraces of amaranth.  
Lowercase letters refer to adaxial side while uppercase letters refer to only the abaxial 
side.  Error bars are ± 1 standard error of the mean.  Bars not connected by a common 






















Figure 3.4 Mean leaf area (cm2) and dry weight (g) for four different drought 
treatments.  Bars colors correspond to drought treatments, from darkest to lightest are 
0, 2, 4, and 6 days of drought (see legend).  Error bars represent ± 1 standard error of 
the mean.  Different letters above bars indicate significant differences between means 
for each variety treatment combination within dry weight and leaf area using Tukey-
































Figure 3.5 Relative reduction in conductance from the control treatment by treatment 
for each of the four landraces over 9 days.  Irrigation was resumed on day 2, 4, or 6, 
depending on the treatment (see legend). Error bars represent ± 1 standard error of the 
mean.  Asterisks indicate that the treatment conductance is significantly different from 
the control treatment conductance at p < 0.05 for each variety day combination by 
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Figure 3.6 Relative reduction in conductance from the control treatment by variety, 
both runs combined, for 25 days.  The thick line represents the drought treatment (soil 
volumetric water content of 0.10 m3/m3) as a proportion of the control (soil volumetric 
water content of 0.40 m3/m3) – thin line.  Error bars represent ± 1 standard error of the 
mean.  Asterisks indicate that the drought treatment conductance is significantly 
different from the watered treatment conductance at p < 0.05 for each variety day 
combination by the Kolmogorov-Smirnov test.    
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Figure 3.7 Leaf area (cm2) (top panel) and dry weight (g) (bottom panel) reductions 
relative to the control in four varieties of amaranth grown under long term water stress.  
Error bars represent ± 1 standard error of the mean.  Asterisks indicate significant 









Figure 3.8 Leaf area (cm2) (top panel) and dry weight (g) (bottom panel) of landrace 
AHTL following the imposition of drought at different stages of growth. Error bars 
represent ± 1 standard error of the mean.  Different letters above bars indicate 











Supplemental Figure 3.1 Substrate volumetric water content (m3/m3) over time for 
experiment 3.  Top panel (A) shows data from run 1 while bottom panel (B) shows data 
from run 2. Treatment 1 is light gray, treatment 2 is medium gray, treatment 3 is dark 
gray, and treatment 4 is black, which correspond to the experimental design in Table 
3.2, which also gives the duration in days of each treatment.  Soil water content 
stabilized at 90% water holding capacity (0.47 m3/m3) for watered treatments and 30% 







Supplemental Figure 3.2 An example of one of the 102 piecewise regressions used to 
calculate the change point for each observation.  Two linear regressions are fit to each 
possible change point and the best fit is the one that maximizes the R2 value.  Line fit 
below breakpoint is RWC = 0.92 - 0.0057(Time), above breakpoint RWC = 0.79 – 





CHAPTER 4. HYDROPONIC PRODUCTION OF AFRICAN LEAFY VEGETABLES FOR 
IMPROVING NUTRITIONAL SECURITY AND ECONOMIC VIABILITY IN KENYA 
4.1 Abstract 
 This study used a multidisciplinary approach to evaluate the potential for 
hydroponic production of traditional vegetables in Kenya.  Hydroponic systems have the 
potential to increase the efficiency of water and land use, but their potential has not 
been critically evaluated in many developing countries.  This study assessed the 
nutritional density and economic viability of hydroponic systems built from local 
materials in Eldoret, Kenya in order to address this knowledge gap.  The tissue 
concentration of key micronutrients was evaluated in vegetable amaranth (Amaranthus 
cruentus) grown hydroponically in different nutrient solutions.  We found that the 
bioaccumulation of zinc, iron, and carotenoids, three of the most common 
micronutrient deficiencies, could be increased.  Economic viability was assessed with a 
benefit-cost analysis that compared three different hydroponic systems to soil-based 
production and purchasing vegetables from local markets.  This analysis showed that 
none of the hydroponic systems were profitable under current conditions, but 
sensitivity analyses revealed certain scenarios where they could become so.  Overall, 
hydroponic production has the potential to create nutrient-dense crops with high levels 
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of zinc, iron, or carotenoids.  However, hydroponic systems may be better suited to 
crops of higher value than amaranth, areas where soil-based production is not an 
option, or regions where vegetable markets are not available. 
4.2 Introduction 
Hydroponics is a system of growing plants without soil that can offer improved 
growth and environmental control through a diverse array of methods (Bradley and 
Marulanda, 2000; Maboko et al., 2011), including both passive and active systems 
(Harms and Combrink, 2000; Kratky, 2003).  Efficient hydroponic production systems can 
reduce water use by up to 90% and land requirements by 75% (Bradley and Marulanda, 
2000; Trejo-Téllez and Gómez-Merino, 2012).  Hydroponic systems most commonly 
focus on high-value crops in areas with limited access to land, and are becoming more 
prevalent around the world (Trejo-Téllez and Gómez-Merino, 2012).  However, the 
potential for hydroponics is only beginning to be explored in developing countries 
(Baumgartner and Belevi, 2001; Du Plooy et al., 2012).   
Simplified systems adapted to local materials and resources have been shown to 
be feasible and profitable in multiple developing countries (Bradley and Marulanda, 
2000), and hydroponically cultivated crops have been shown to contain similar, or 
sometimes higher, levels of vitamins and minerals than soil-based cultivation systems 
(Gruda, 2009).  This could be particularly important in sub-Saharan Africa, which has a 
high rate of both malnutrition and urbanization (FAO, 2012). Hydroponic production 
systems offer an alternative growing method with the potential to increase yields and 
bring agriculture to areas lacking access to traditional soil-based growing (Gruda, 2009).   
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Sub-Saharan Africa is home to the greatest concentration of food insecure 
people, where one in four people is chronically hungry (FAO, 2014).  More common 
than undernutrition is malnutrition, for which people lack the essential vitamins and 
minerals they need to grow and lead healthy lives.  This can lead to stunting, blindness, 
and lowered IQ.  However the fruits and vegetables that contain these micronutrients 
are often expensive and unattainable for the poor.  This lack of critical micronutrients is 
a ‘hidden hunger’ that impacts an estimated two billion people worldwide (WHO and 
FAO, 2006).   
 African Leafy Vegetables (ALVs) offer a locally appropriate way to address these 
issues.  ALVs are a diverse and widespread set of vegetables that are consumed across 
Kenya and sub-Saharan Africa.  Leaves, fruits, and roots from over 1,000 species of ALVs 
form the backbone of traditional diets (Muhanji et al., 2011) but in many cases have 
been ignored at the expense of introduced vegetables such as kale and cabbage (Adeka 
et al., 2008; Okeno et al., 2003).  ALVs such as vegetable amaranth (Amaranthus 
cruentus) are the cheapest source of macro and micronutrients in Kenya, providing 
vitamins A, B, and C, as well as minerals including calcium, iron, zinc, and potassium 
(Orech et al., 2007; Uusiku et al., 2010).  In some parts of western Kenya, ALVs 
contribute as much as 33% of total vitamin A to the diet (Oiye et al., 2009).  This is 
extremely important in an area of the world where the daily intake of fruits and 
vegetables is well below dietary recommendations because they are not affordable for 
all (FAO, 2012).   
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Vitamin A, iron, and zinc are three of the most common and debilitating 
micronutrient deficiencies (WHO and FAO, 2006), all of which are present in ALVs 
(Orech et al., 2007; Uusiku et al., 2010).  Vitamin A is a class of compounds synthesized 
from carotenoids such as β-carotene (Deman, 1999).  Carotenoids, zinc, and iron are all 
naturally found in high concentrations in ALVs, but  it may be possible to increase their 
concentrations by manipulating the nutrient solution in which they are grown.   
For Kenya’s growing urban population, the availability and accessibility of 
vegetables is limited by seasonal fluctuations in climate (Nekesa and Meso, 1997) and 
underdeveloped supply chains (Ayieko et al., 2005).  ALVs are grown primarily as a rain-
fed crop, which restricts their production to the two rainy seasons.  Urbanization is 
occurring at a higher rate in Africa than anywhere else in the world (FAO, 2012), and the 
demand for ALVs in urban Kenya has already outstripped supply (Mwangi and Kimathi, 
2006).  If hydroponic production in urban and peri-urban areas were able to provide 
reliable access to nutritious ALVs, this could improve food security outcomes for Kenya’s 
urban residents.   
If hydroponic cultivation of ALVs is shown to be practical, profitable, and 
acceptable to consumers, this technology could provide an opportunity for small 
businesses and entrepreneurs to capitalize on the urban ALV market and these 
innovative production practices.  If these vegetables can provide improved nutrient 




4.2.1 Nutrient Solution Impacts on Nutritional Density 
The potential for hydroponics to deliver a nutrient-dense product has been 
explored in other crops.  In purslane (Portulaca oleracea L.), altering the nutrient 
solution supplied in a hydroponic system lowered concentrations of the antinutritive 
compound oxalic acid (Palaniswamy et al., 2004).  Tomatoes grown hydroponically were 
shown to have increased tissue concentrations of iron but decreased calcium and 
vitamin C compared to those grown in vermicompost, with no significant effect on 
potassium or phosphorus (Premuzic et al., 1998).  The complex interactions among 
nutrients can also have substantial effects other aspects of plant quality (Gruda, 2009).   
 Of the 17 essential nutrients required by plants, 14 of them must be supplied by 
the nutrient solution (Mattson and Peters, 2014).  Altering the concentration of 
nutrients can affect bioaccumulation in many species (Gruda, 2009; Palaniswamy et al., 
2004; Sonneveld and Voogt, 2011), though most research has focused on hydroponically 
grown tomatoes rather than leafy vegetables (Fanasca et al., 2006; Paiva et al., 1998; 
Ramírez S et al., 2011; Trudel and Ozbun, 1970).  Higher potassium concentrations have 
been shown to increase total tomato carotenoid concentration (Ramírez S et al., 2011; 
Trudel and Ozbun, 1970), although β-carotene concentrations decreased (Dumas et al., 
2003; Trudel and Ozbun, 1970).  Potassium is required for carotenoid synthesis (Ramírez 
S et al., 2011), but calcium and magnesium concentrations are also influential (Fanasca 
et al., 2006).  The ratios of calcium, magnesium, and potassium were investigated by 
Fanasca et al. (2006) who showed that β-carotene concentrations were lowest in 
solutions with high calcium concentrations.  Competition among potassium, calcium, 
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and magnesium were investigated by Paiva et al. (1998) who also found the highest 
carotene concentrations at low calcium levels, possibly due to the competition with 
potassium.  There also may be an interaction effect between nitrogen and potassium in 
β-carotene synthesis (Wang et al., 2013).  Iron, zinc, and manganese concentrations 
have been shown to correlate with leaf concentrations, but this was only true in 
cucumber and not tomato leaves (Sonneveld and Voogt, 2011).  Competition between 
these metal ions is also strongly impacted by pH, especially zinc and iron (Berry and 
Knight, 1997; Bugbee, 2003).  Thus, the nutrient supply to the plant must be closely 
monitored and regulated to create an optimal growth environment for the plant and to 
ensure high nutrient concentration in edible biomass.  However, the focus on tomato 
production has left many gaps in the literature regarding leafy vegetables, such as ALVs. 
4.2.2 Economic Considerations 
 In many developing countries, initial investment costs may be the biggest barrier 
to the adoption of hydroponic systems.  Minimizing these costs and showing that this 
investment will be profitable in the long run are critical to success.  While many have 
proposed systems that are purportedly adapted to developing countries (Bradley and 
Marulanda, 2000; Harms and Combrink, 2000; Stajano, 2004), little has been done to 
evaluate their benefit-cost ratio.  To understand the full implications of hydroponic 
agriculture for ALVs, the importance of economic sustainability cannot be overlooked.  
Bradley and Marulanda (2000) performed a profitability analysis but excluded 
the effects of time and ignored alternative options, including traditional soil-based 
agriculture.  Others have evaluated greywater reuse systems (Godfrey et al., 2009) and 
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ornamental plant production via hydroponics (Grafiadellis et al., 2000; Papadopoulos et 
al., 2008) but there is still a substantial lack of literature regarding the profitability of 
hydroponic production of food crops for local consumption in developing countries.  The 
adaptability of hydroponic production could be well suited to the diverse urban and 
peri-urban environments found in developing countries and may offer solutions not 
found in traditional soil-based agriculture.   
4.2.3 Objectives 
 The aim of this study was to evaluate the potential for the hydroponic 
production of ALVs in Kenya.  The first objective was to evaluate the tissue nutrient 
density of vegetable amaranth (Amaranthus cruentus) produced in different nutrient 
solutions for its potential to address micronutrient deficiencies and nutritional security.  
The second objective was to evaluate the economic feasibility of hydroponic production 
using a benefit-cost analysis of three different hydroponic systems constructed primarily 
from locally available materials in Eldoret, Kenya.  
4.3 Methods 
4.3.1 Nutrient Concentration 
4.3.1.1 Plant Materials and Growing Conditions 
Vegetable amaranth (Amaranthus cruentus) was used as a model crop.  Seeds of 
variety AM38 from the AVRDC World Vegetable Center in Tanzania were sown into 
germinating trays and transplanted at five weeks into the Kratky non-circulating 
hydroponic systems (Kratky, 2003).  Kratky hydroponic systems use a pot suspended 
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over a reservoir of nutrient solution which is depleted as the plant transpires; no pump 
is required for these passive systems.  For our experiment, 2 L tubs were filled with 1.5 L 
of nutrient solution and covered with a lid.  The net pot suspended from the lid reached 
the top 2 cm of solution and was filled with an inert clay substrate to hold plant roots 
(Turface® MVP clay, Profile Products LLC., Buffalo Grove, IL).  Each plant was grown in a 
separate tub.  The nutrient solution used as a base was the “Modified Sonneveld 
Solution” for lettuce, herbs, and leafy greens as described by Mattson and Peters 
(2014).  Plants were maintained in a greenhouse (24oC daytime/18oC night, photoperiod 
maintained at 12 h with supplemental lighting), and pH of 5.5-7.0.  Plants were 
harvested three weeks later and biomass data collected.  Plant material for zinc and iron 
measurements was dried in an oven at 65 oC for a minimum of three days until weights 
stabilized.  Fresh plant material was frozen at -20oC for carotenoid analysis. 
4.3.1.2 Nutrient Concentration Evaluation 
4.3.1.2.1 Zinc and Iron Analysis 
 Zinc and iron analysis followed AOAC method 985.01 (zinc) and 999.10 (iron) 
(Latimer, 2012).  Homogenized samples of dried plant material were used to create 
three replicates of 0.5 g each.  Ten mL of concentrated nitric acid was added to each 
sample, which was open digested for 15 minutes prior to sealing the vessels for 
microwave digestion.  Digested contents were rinsed clean with 20 mL of ultrapure 
water for a total of 30 mL for each sample.  Elemental concentrations were determined 
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via inductively coupled plasma optical emission spectroscopy (ICP-OES) and quantified 
against standard solutions of known concentrations. 
4.3.1.2.2 Carotenoid Analysis 
 Carotenoid content was used as a proxy for vitamin A, as many carotenoids are 
precursors to vitamin A (Deman, 1999).  Carotenoid analysis followed AOAC method 
941.15 (Latimer, 2012).  Frozen plant material was homogenized and 10 mL of chilled 
acetone was added to a representative sample of approximately 2 g (Biswas et al., 
2011).  Each sample was protected from light and chilled at 0 oC for 15 minutes and then 
homogenized for two minutes.  Samples were then centrifuged at 1370 x g for five 
minutes and supernatant collected into a separate test tube.  The original sample was 
then re-extracted as described above.  Supernatants were pooled and filtered through 
Whatman No. 42 filter paper.  Carotenoid and chlorophyll absorbances of the extracts 
were determined using a multi-wavelength analysis at 470, 661.6, and 644.8 nm with a 
UV-Vis spectrophotometer against standards of known concentrations.  Carotenoid 
concentration was then calculated based on the equations of Lichtenthaler and 
Buschmann (2001).  Each sample was run in triplicate. 
4.3.1.2.3 Experimental Design and Data Analysis 
A Definitive Screening Design (DSD) with four replicates was used for this 
experiment (Jones and Nachtsheim, 2011).  This design is built around six factors, each 
of which have been shown to be associated with plant bioaccumulation of carotenoids, 
iron, or zinc.  These six factors are: iron, zinc, manganese (Sonneveld and Voogt, 2011), 
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calcium, magnesium (Fanasca et al., 2006; Paiva et al., 1998), and potassium (Dumas et 
al., 2003; Paiva et al., 1998; Ramírez S et al., 2011; Trudel and Ozbun, 1970; Wang et al., 
2013).  Each factor was held at a low, medium, and high level in different treatments, as 
shown in Table 4.1. The DSD allows for second order interaction effects to be included, 
which is appropriate given the numerous interaction effects found between many of 
these nutrients (Gruda, 2009; Wang et al., 2013).  It requires 13 treatments to detect 
and identify any significant effects among these six factors, without confounding any 
two-factor interactions with each other (Jones and Nachtsheim, 2011).  For each of the 
three response variables (zinc, iron, and carotenoid concentrations), the following 
model is used to evaluate all main effects, two-way interactions, and quadratic effects: 
     (1) 
where bi, bij, and bii are regression coefficients and ε is an error term.  Stepwise forward 
regression was used for model selection in stages, as recommended by Jones and 
Nachtsheim (2011), first with main effects, then two-way interactions, and finally 
quadratic effects.  The experiment was conducted as a randomized complete block 
design with four replicates and was repeated twice.  All analyses were carried out in R 
3.1.2 (Wickham, 2011; R Core Team, 2015). 
4.3.2 2. Benefit-Cost Analysis 
4.3.2.1 The Hydroponic Systems 
 This study analyzed the benefits and costs of three different hydroponic systems.  
The first was a Kratky non-circulating system (Kratky, 2003) similar to the ones described 
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above, but much larger.  This system is especially low-input and suitable to all types of 
locations, both urban and peri-urban.  Fixed costs include the plastic tank used as a 
suspension system while variable costs included the seedlings and fertilizer.  No pump 
or electricity is required.   
The second system was a Nutrient Film Technique (NFT) system (Gruda, 2009) 
which circulated a shallow stream of nutrient solution over the exposed roots of plants.  
This system was slightly more input-intensive and incurred fixed costs for the materials 
used to build the circulating system, including a solar-powered pump.  Variable costs 
included seedlings, fertilizer, and plant growth media.   
The third system was a modified ebb-and-flood table for seedling production, in 
which a bed of coarse sand was periodically flooded with nutrient solution and allowed 
to drain (Harms and Combrink, 2000).  This system was designed to produce seedlings 
for the other two systems, not to grow vegetables to a harvestable stage.  Fixed costs 
included the tank used to hold the nutrient solution and a solar-powered pump.  
Variable costs included seeds, fertilizer, cloth, and sand that was used as a growing 
medium. 
The three hydroponic systems were compared to soil-based production and to 
purchasing vegetables at the local market.  Typically, soil-based ALV cultivation does not 
involve any chemical fertilizer, herbicide, or pesticide application (Abukutsa-Onyango, 
2007).  Fixed costs were the traditional farming implements of a hoe and rake.  Variable 
costs were the seeds used.  Purchasing vegetables from local markets accrued no fixed 
costs, but it was assumed that an average time of two hours would be necessary to 
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reach the market and return.  Net benefits for all systems were calculated from yield of 
saleable biomass.   
4.3.2.2 Estimation of Benefits and Costs 
 Both Net Present Value (NPV) and Benefit Cost Ratio (BCR) were used to 
evaluate each system and its alternatives.  A time horizon of five years was used 
because of the short production cycle of these crops and the short amount of time 
during which entrepreneurs and growers would need to see a return on their 
investment.  Due to the time value of money, future values were discounted at rates of 
10% and 1% to be able to compare with present values.  The rate of 10% is consistent 
with other values in the literature, including an analysis of cocoa in Ghana (Obiri et al., 
2007) and agricultural investments in Nigeria (Nkang et al., 2007), while a rate of 1% was 
included for comparison.  NPV was calculated on a per meter basis, given the small 
amount of area available to urban agriculture and backyard farming with the following 
formula: 
       (2) 
where Bt and Ct are the benefits and costs during the period t, respectively.  The 
discount rate is represented by r, t is the time period (1, 2, 3, … n), and N is the number 
of years.  The BCR was calculated as: 
       (3) 
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 Data on material costs were evaluated based on field research in the town of 
Eldoret, Kenya when we constructed operating systems of each type.  All materials were 
purchased locally with the exception of the solar pumps.  Benefits were based on 
market data of the price of vegetables in the local market from samples taken regularly 
over the course of five months (Table 4.2).  The price for seedlings was based on a 
similar survey of local nurseries.  For the purposes of this study, water was assumed to 
be free due to the difficulty of monitoring its use, though depending on the situation 
may accrue large time costs to acquire.  The cost of labor was estimated based on key 
informants in the agriculture sector who provided the average price for eight hours of 
unskilled labor.  The costs and benefits in terms of time, harvest, and inputs were based 
on field research over the course of four months, or two harvest cycles (Table 4.3).  
 Certain costs were left out of this study that may or may not be relevant in 
certain situations.  The price of land was not included since we made the assumption 
that land would be available to the grower for soil-based or hydroponic production.  
Initial startup costs were not treated as a loan with interest to be repaid but as working 
capital at the start.  The health benefits of consuming vegetables were not included in 
the scope of this paper and there was no “standard” consumption of vegetables 
assumed.  The benefits of having a stable food source were also not quantified, though 
hydroponic production would allow year-round production unlike traditional rain-
dependent soil-based agriculture.  
Sensitivity analyses were conducted to find breakeven points for NPV for time 
cost, vegetable price, vegetable harvest, and input costs for each scenario.  Three 
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hypothetical scenarios were also evaluated.  The first assumed that the hydroponic 
systems doubled their yield and the price for vegetables tripled.  These conditions may 
be reflective of remote areas with poor soil-based agricultural potential (which would 
also increase the price for produce) and with improvements in hydroponic production.  
The second hypothetical scenario assumed that hydroponic production doubled, 
vegetable price doubled, and the cost of inputs fell by 60%.  This may be the case with 
improvements in hydroponic production in remote areas where significant amounts of 
the fixed costs associated with hydroponic systems can be salvaged from recycled or 
other free materials.  The third scenario assumed that reaching the market takes six 
hours instead of two and that the price of vegetables doubled.  This could be possible in 
remote areas with poor access to vegetables and other produce. 
4.4 Results 
4.4.1 Nutrient Concentration 
 Zinc, iron, and carotenoid concentrations were modeled with the stepwise 
forward model shown in Equation 1 (Table 4.4).  Yield was not significantly impacted by 
treatment for either leaf area or fresh weight (Figure 4.1).  Zinc tissue concentration was 
predicted by high calcium, magnesium, and zinc concentrations in the nutrient solution 
(Figure 4.2).  Increasing zinc nutrient solution concentrations from 5 to 25 μmol/L 
increased mean tissue concentration by 29.5%. 
 Iron tissue concentrations were affected by soluble iron and magnesium 
concentrations in the nutrient solution, though the effect of magnesium was quadratic.  
This indicates that tissue iron concentrations increased at both low and high levels of 
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magnesium, which was significant when analyzed by ANOVA (Figure 4.3).  Higher iron 
concentrations in the nutrient solution also increased tissue iron concentrations by as 
much as 20.4% (Figure 4.3). 
 Carotenoid concentrations were only increased by iron concentrations in the 
nutrient solution, though manganese and magnesium were included in the model as 
well.  The effects of iron were not significant when analyzed with an ANOVA (Figure 4.4) 
though mean carotenoid concentration increased 11.3%.   
4.4.2 Benefit-Cost Analysis 
 Benefit-cost outcomes were consistent across the two alternatives: soil-based 
production and purchasing.  With a five-year time horizon, none of the hydroponic 
systems were profitable by either NPV or BCR measure (Table 4.5), but soil-based 
production was also unprofitable.  Breakeven values for time cost indicated that if the 
opportunity cost was close to 0, soil-based production would become profitable.  Of the 
three systems, the NFT system was the closest to profitability but the time cost would 
have to increase by 122% or the cost of inputs would have to fall close to 0 for this 
system to break even as compared to soil-based production with a 10% discount rate.  
The discount rate of 1% consistently had lower NPV and BCR values for all comparisons.  
When the alternative is purchasing vegetables, none of the hydroponic systems show 
BCR exceeding 0.60.  The price of vegetables would have to increase by a minimum of 
1027% or the cost of inputs would have to fall below 0 for any of the hydroponic 
systems to become profitable.  Across all scenarios, the Kratky system consistently had 
the lowest BCR and NPV values. 
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 Sensitivity analysis allowed us to explore other scenarios in which hydroponic 
systems may be more favorable.  Under a hypothetical scenario in which soil-based 
production labor requirements doubled, the yield of hydroponic systems doubled, and 
the price of vegetables tripled (Scenario 1), both the NFT and Ebb and Flood system 
became profitable when compared to soil-based production (Table 4.6).  When 
compared to purchasing vegetables, only the Ebb and Flood system had a positive NPV.  
By both NPV and BCR measures, the Ebb and Flood system was more profitable than the 
NFT system, though the Kratky still was not cost-effective.  Under an alternative 
hypothetical scenario in which production doubled, vegetable price doubled, time cost 
doubled, and the cost of inputs fell by 60% (Scenario 2), both NFT and Ebb and Flood 
systems would remain profitable when compared to either soil-based production or 
purchasing vegetables (Table 4.6).  Soil-based production and Kratky systems would 
remain unprofitable in both of these scenarios.  Under the final scenario in which 
vegetable prices doubled and the time to reach the market tripled, NFT and Ebb and 
Flood systems were profitable again when compared to purchasing vegetables.  
Hydroponic systems compared to soil-based production remained unchanged, but both 
NFT and Ebb and Flood show potential to be profitable in this scenario.    
4.5 Discussion 
 Our results have shown that hydroponic nutrient solutions can be manipulated 
to increase amaranth tissue concentrations of zinc, iron, or carotenoids, but not all 
three simultaneously.  The conditions that increased zinc, iron, and carotenoid 
concentrations were different (Table 4.4), indicating that targeting just one of these 
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critical nutrients may be most effective in producing high-value, nutritionally-dense 
amaranth.  Zinc and iron concentrations were most effectively improved by increasing 
their respective elemental concentrations in the nutrient solution, though coefficients 
from their models indicated that they may have an antagonistic effect on the other, as 
shown by Sonneveld and Voogt (2011).  There were no significant effects on yield, which 
suggests that producing nutritionally dense amaranths does not require a trade-off with 
biomass production at the nutrient levels tested here.   
 Hydroponic production systems may not be financially viable in the context of 
western Kenya.  Unlike other attempts at evaluating the economic value of hydroponic 
systems (Papadopoulos et al., 2008), we used a benefit-cost analysis approach.  Other 
benefit-cost analyses of hydroponic systems focused on high value crops such as flowers 
(Grafiadellis et al., 2000) or melons (Shaw et al., 2007) and found positive results when 
compared to other traditional production systems.  By taking into account the time 
value of money, we were able to model opportunity cost and the time horizon 
necessary to be profitable, which has been excluded from other economic evaluations 
(Bradley and Marulanda, 2000).  ALVs are not generally high-value crops, which may 
explain some of the more negative results shown in our models.  Under conditions in 
which their value increased or the alternative measures taken to obtain them became 
more costly, the hydroponic production systems would become more profitable (Table 
4.6).  Under the average conditions found in western Kenya, however, none of the 
hydroponic systems were found to be profitable in comparison to soil-based production 
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(Table 4.5).  When purchasing vegetables is possible within the local area, this may be 
the most cost-effective option. 
 One interesting outcome from these results was the negative NPV and BCR 
values shown for soil-based production of ALVs.  This changed when the opportunity 
cost for time approaches 0 and it became profitable.  Farmers may not consider their 
time to be worth more money elsewhere and given the difficulty in finding unskilled 
labor employment opportunities, ALV production via traditional methods will likely 
continue.  Greater opportunity costs would improve the profitability of both NFT and 
Ebb and Flood systems relative to soil-based production and purchasing vegetables.  
Under more extreme conditions in which the value of produce is higher and soil-based 
production is more time-consuming, the Ebb and Flood system for seedling production 
may also become profitable but this would have to be adapted to increase yield as well.  
Overall, the Kratky system was never shown to be profitable and urban residents would 
be better off purchasing their vegetables.  Only when markets are difficult to access and 
vegetable prices are high does hydroponic production become the most profitable 
option.   
4.6 Summary and Conclusions 
 Hydroponic production of amaranth is possible using local materials in western 
Kenya and has the potential to produce high-value, nutritionally-dense products via 
nutrient solution manipulation.  These techniques could also be applied to other ALV 
species, though this warrants further investigation.  The optimal nutrient solutions for 
high zinc, iron, and carotenoid plant tissue concentrations will differ but it may be 
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possible to develop specific nutrient solutions for producing vegetables to target 
malnourished populations.   
Hydroponic production of amaranth was shown to be profitable only under very 
specific conditions.  Purchasing vegetables was shown to be more cost-effective then 
growing them under most conditions.  It would not be wise to promote hydroponic 
production of vegetables for all urban residents in developing countries, but only when 
a very specific set of conditions is met.  Hydroponic production may be better suited to 
higher value crops, areas where soil-based production is not an option, or where 
vegetable markets are not available.  
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Table 4.1 The six-factor, three-level Definitive Screening Design matrix for the evaluation 
of relative importance of selected nutrients for carotenoid, zinc, and iron accumulation 











Fe 10 25 50 
Zn 5 15 25 
K 500 2000 8000 
Ca 3400 7600 14200 
Mn 5 15 25 






Table 4.2 Constants and their assumed values in Kenyan Shillings (KSH) held through 
each comparison scenario (Note: 100 KSH = 0.99 USD). 
Constants Assumed 
value 
Price of vegetables (KSH/g) 0.0743 
Price of seedlings (KSH) 1 
Price of water 0 
Price of 8 hours unskilled labor (KSH) 400 





Table 4.3 Time, harvest, and input costs for each of the three systems and their soil-
based comparison.  
Assumed Value Kratky NFT Ebb and 
Flood 
Soil 
Time (days/year/m2) 1.97 0.75 0.97 1.89 
Harvest (g/year/m2) 530 511 486 seedlings 865 





Table 4.4 Model coefficients for the main and quadratic effects for the zinc, iron, and 
carotenoid models with their respective p values in parentheses, as compared to the -1 
level.  No interaction terms were significant.  ** p < 0.01, * p 0.05.  
   Model 
Term 
Zinc Iron Carotenoids 
Intercept 31.67 (0.00)** 115.18 (0.00)** 64.57 (0.00)** 
Run2 -6.21 (0.00)** -13.76 (0.01)* -26.91 (0.00)** 
K0    
K1    
Ca0 0.72 (0.74)   
Ca1 6.05 (0.00)**   
Fe0 1.73 (0.42) 6.73 (0.36) 4.20 (0.24) 
Fe1 -2.57 (0.16) 23.73 (0.00)** 6.10 (0.04)* 
Mg0 -0.82 (0.70)   
Mg1 4.05 (0.03)*   
Mn0   -0.17 (0.96) 
Mn1   -4.39 (0.15) 
Zn0 1.84 (0.39) 6.03 (0.41)  
Zn1 9.53 (0.00)** -11.36 (0.07)  
K2 1    
Ca2 1    
Fe2 1    
Mg2 1  13.39 (0.05)* 5.58 (0.08) 
Mn2 1    
Zn2 1    
RMSE 0.424 0.244 0.546 
Adj R2 0.368 0.196 0.517 
F ratio 7.527 5.152 19.21 




Figure 4.1 Leaf area (cm2) and fresh weight (g) for plants grown in the 13 different 
nutrient solution treatments (Table 4.1).  There were no significant differences between 





Figure 4.2 Concentration of plant tissue zinc (μg/g) in plants grown in nutrients with high 
(+1), medium (0), and low (-1) concentrations of calcium, iron, magnesium, and zinc (see 
Table 4.1) and across experimental runs. Error bars represent ± 1 standard error from 
the mean and different letters above bars indicate significant differences based on 





Figure 4.3 Concentration of plant tissue iron (μg/g) in plants grown in nutrients with 
high (+1), medium (0), and low (-1) concentrations of iron, zinc, and magnesium (see 
Table 4.1) and across experimental runs. Error bars represent ± 1 standard error from 
the mean and different letters above bars indicate significant differences based on 






Figure 4.4 Concentration of plant tissue carotenoids (μg/g) in plants grown in nutrients 
with high (+1), medium (0), and low (-1) concentrations of iron, manganese, and 
magnesium (see Table 4.1) and across experimental runs. Error bars represent ± 1 
standard error from the mean and different letters above bars indicate significant 




Table 4.5 Net present value (NPV) and benefit cost ratio (BCR) in Kenyan Shillings (KSH) 
for each of the three hydroponic systems compared to soil-based production and 
purchasing vegetables with a 5 year horizon and 1% and 10% discount rates.  Breakeven 
values for time cost, price of vegetables or seedlings, harvest, and inputs are also given 
(Note: 100 KSH = 0.99 USD). 





Soil Kratky NFT 
Ebb and 
Flood 
1% Discount Rate    
NPV -13,011 -2,526 -9,640 -3,932 -13,502 -3,467 -8,262 
BCR 0.24 0.64 0.41 0.08 0.21 0.49 0.50 
Time cost (KSH) -5,4561 8,22 2,502 5 -6,127 1,542 4,523 
Price (KSH/g) -7.9 -1.4 5.1 1.0 2.7 0.8 2.8 
Harvest (g) 54,904 22,565 3,709 14,1183 28,869 15,972 2,006 
Inputs (KSH) -955 261 -678 -9,712 -1,107 -321 -252 
10% Discount Rate        
NPV -10,620 -2,253 -8,292 -3,080 -11,012 -2,997 -7,224 
BCR 0.25 0.77 0.47 0.11 0.22 0.59 0.57 
Time cost (KSH) -38,158 887 2,775 4 -6,054 1,689 5,300 
Price (KSH/g) -8.3 -1.6 7.2 1.0 2.8 0.8 3.0 
Harvest (g) 57,338 25,549 4,010 141,566 30,110 17,512 2,159 





Table 4.6 Hypothetical net present value (NPV) in Kenyan Shillings and benefit cost 
ratios (BCR) for the three hydroponic systems under three scenarios for a 5 year horizon 
and 10% discount rate.  Scenario 1: assumes the labor for soil cultivation doubles, the 
yield of the hydroponic systems double, and the price of vegetables triples. Scenario 2: 
assumes the yield of hydroponic production doubles, the vegetable price doubles, the 
cost of time doubles, and the cost of inputs falls by 60%.  Scenario 3: assumes the price 






Scenario 1     
NPV (alternate soil) -7,502 847 3,295 -5,451 
BCR (alternate soil) 0.49 1.52 1.58 0.18 
NPV (alternate purchase) -9,519 -1,539 11,208  
BCR (alternate purchase) 0.34 0.94 2.34  
Scenario 2     
NPV (alternate soil) -5,876 1,173 1,881 -5,947 
BCR (alternate soil) 0.56 1.58 1.41 0.11 
NPV (alternate purchase) -6,149 190 7,914  
BCR (alternate purchase) 0.54 1.34 2.05  
Scenario 3     
NPV (alternate soil) -10714 -2351 -6692 -2836 
BCR (alternate soil) 0.24 0.75 0.62 0.22 
NPV (alternate purchase) -5636 1675 1070  





CHAPTER 5. MARKET BARRIERS FACED BY FORMAL AND INFORMAL VENDORS OF 
AFRICAN LEAFY VEGETABLES IN WESTERN KENYA 
5.1 Abstract 
This research investigated market barriers faced by formal and informal vendors 
of traditional vegetables in Kenya, with the goal of closing market gaps and improving 
consumer access.  The most common problem was access to capital, but informal 
vendors were more likely to perceive this as a major problem than formal vendors.  
Overall, 97% of vendors said that they had seen the vegetable market grow, which 
suggests that this market is still expanding.  To improve urban nutritional security, the 
most important changes policymakers could enact are to increase access to capital and 
improve infrastructure to connect rural growers with urban consumers.   
5.2 Introduction 
Sub-Saharan Africa is home to the greatest concentration of food insecure 
people, where one quarter of the population is chronically hungry (FAO 2014).  
Malnutrition is even more common, as many people lack the essential vitamins and 
minerals they need to grow and lead healthy lives.  This ‘hidden hunger’ can lead to 
stunting and blindness, impacting an estimated two billion people worldwide (WHO and 
FAO 2006).  However, the fruits and vegetables that contain these critical 
micronutrients are often expensive and unattainable for the poor (Smith and Longvah
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2008).  Western Kenya is a prime example of the interconnected and complex issues of 
poverty, malnutrition, and low agricultural productivity (Conelly and Chaiken 2000) 
which has created many food insecure communities.   
African Leafy Vegetables (ALVs) offer an innovative and locally appropriate way 
to address many of the food security challenges that face western Kenya.  ALVs are a 
diverse set of vegetables that are consumed across Kenya as a mainstay of traditional 
diets (Muhanji et al. 2011). In many cases, however, introduced vegetables such as 
cabbage have received greater research investment into understanding barriers to 
production and marketing, compared to traditional vegetables (Adeka, Maundu and 
Imbumi 2008).  ALVs are a nutritious and affordable source of micronutrients, providing 
vitamins A, B, and C, as well as minerals like calcium, iron, and zinc (Uusiku et al. 2010).  
They are adapted to the climate of western Kenya and are especially important to 
female smallholder farmers as they provide an important income-generating 
opportunity (Weinberger et al., 2011).  In recent years the demand for ALVs, especially 
in urban centers, has outstripped the supply (Mwangi and Kimathi 2006) which creates 
new challenges and opportunities for urban vegetable vendors.   
The formal market sector for fresh vegetables has been rapidly growing in recent 
years.  Although well over 90% of consumers still purchase fresh vegetables from 
informal open air markets, the supermarket sector has been growing at 18% annually 
since 1995 (Neven et al. 2009).  Participation in supermarket channels has significant 
financial implications for smallholder farmers.  Growers participating in formal markets 
such as supermarkets increased their household income by 48% (Rao and Qaim 2011), 
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as these growers receive 57% of the retail price as opposed to receiving 17% in informal 
market channels (Neven et al. 2009).  Growers for supermarkets tend to own more land, 
have better access to transportation, and have off-farm income available as well (Rao 
and Qaim 2013).  In addition, they were likely to hire more labor, and generally more 
female labor, though female workers were paid slightly less on average (Rao and Qaim 
2013).  There is still a much greater demand for ALVs in the informal urban market, but 
changing supply chains will impact both formal and informal vendors.  Whether growers 
are producing for formal or informal markets, the growing demand in urban centers 
means that retailers and growers must seek new ways of ensuring that their products 
reach consumers. 
Previous research has indicated that access to capital, inputs, and transportation 
have been major barriers to Kenyan smallholder farmers participating in formal markets 
(Neven et al. 2009).  Less research has focused on the role of the vendor, but the 
informal relationship between the vendor and grower is critical to maintaining this 
supply chain (Bett, Ismail and Kavoi 2013).  The barriers that prevent vendors from 
accessing ALVs or expanding their businesses are also reducing ALV availability and 
accessibility for consumers.  In areas where nutritional security is a widespread 
challenge, improving market supply chains has the potential to benefit growers, retailers 
and urban residents.  Closing market gaps and modifying local policy has the potential to 
generate income for smallholder ALV growers and address unmet demand in cities 
across western Kenya. 
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The goal of this research was to understand the market barriers that both formal 
and informal ALV vendors face in the city of Eldoret, Kenya, which is Kenya’s fifth largest 
city and a trading hub in western Kenya (with a population of 289,380) (Kenya National 
Bureau of Statistics, 2009).  Ultimately, improved nutritional security through ALVs can 
only be achieved when consumers and growers are better connected.  Vendors provide 
this critical link, and the obstacles they encounter as intermediaries between growers 
and consumers should be reduced.  This research will examine the prevalence of market 
barriers in formal and informal ALV vendors, as well as the differences between these 
two groups, with the goal of proposing solutions through policy recommendations. 
5.3 Methods 
5.3.1 Survey Design and Sample 
The data presented here are based on surveys collected in the city of Eldoret, in 
Uasin Gishu County, Kenya.  Surveys were collected between June and November 2015 
from vendors who sold at least one variety of ALV.  Eldoret was chosen based on its 
intermediate size and stage of supermarket expansion as documented by Neven and 
Reardon (2004).  Eldoret currently has a large array of national and independent 
supermarkets offering fresh produce, while still maintaining a variety of open air 
markets.   
Vendors who indicated they were willing to be surveyed were included in the 
sample and were stratified between formal and informal vendors.  Informal vendors 
were sampled randomly using a random number generator and were interviewed in 
person at the markets where they sell vegetables.  Supermarket vendors were 
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interviewed at their workplace and were oversampled to obtain adequate data, since 
the number of supermarkets is still small.  Vendors were surveyed on their ALV 
purchasing and sales behavior, postharvest handling, seasonal variation, and 
perceptions of market barriers using a structured questionnaire.  Market barriers 
included infrastructure (specifically roads), municipal regulations, seasonal availability, 
price fluctuation, quality of produce, access to capital, consumer demand, and 
consumer perceptions of ALVs.  Demographic information on vendor age, gender, 
income, and primary occupation was also collected.  The surveys were validated through 
pre-testing.   
In total, 158 informal vendors were surveyed and 12 formal vendors were 
surveyed, for a total of 170 vendors.  Most vendors sold more than just ALVs, but were 
included if they sold at least one variety of ALV.  Only supermarkets that had produce 
sections were included, and these were completely sampled.  At larger supermarkets 
the produce manager was surveyed, and in smaller supermarkets the store owner was 
surveyed.  Among informal vendors, there were multiple family members present at 
some informal market stalls, but usually only one adult was present. Thus, whoever self-
identified as the proprietor was surveyed.  Informal market vendors were more likely to 
source directly from a variety of local farmers, while some of the major supermarkets 
sourced all of their produce from a single company in Nairobi, Kenya, approximately 
eight hours away by road.  The biggest supermarket chains, Nakumatt and Tusky’s, are 
both Kenyan-owned and each had two retail outlets in Eldoret with slightly different 
selections of fruits and vegetables.  The majority of supermarkets sourced vegetables 
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from closer farms, especially independently-owned grocery stores which had a single 
retail location and were generally family-owned. 
5.3.2 Data Analysis 
Data were analyzed for differences between informal and formal vendors for 
both market characteristics and perceptions of market barriers.  Where appropriate, 
differences in the responses from formal and informal vendors were analyzed for 
significance at each level of barrier perception (not a problem, a small problem, or a big 
problem).  Additionally, distance travelled in minutes to reach the market was modeled 
for both informal and formal vendors. 
To evaluate differences between formal and informal markets, variables were 
divided into categorical and continuous variables.  Continuous variables (age, income, 
species richness, distance travelled, bundle prices, and volumes sold) were subject to 
the non-parametric Mann-Whitney-Wilcoxon Sign Rank test, while categorical variables 
(all others) were analyzed by the Chi-Square Test of Independence.  Differences in the 
perception of market barriers by formal and informal vendors were analyzed with a 
Fisher’s Exact Test due to small sample size of formal vendors.  This test calculates an 
exact p value and does not assume equal sample sizes between the two groups (formal 
and informal vendors), making it possible to make comparisons between them.  Where 
perceived market barriers had significantly different distributions by market type, post-
hoc tests were carried out by Chi-Square Test of Independence with 2,000 Monte Carlo 
simulated p values.   
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 Distance travelled by produce was evaluated since this impacts both product 
quality and cost to vendors.  The distance produce traveled in minutes was analyzed 
using OLS regression to determine which vendor characteristics explain distance 
travelled.  In this case, our model was specified as: 
 
where y is the dependent variable, distance (in minutes) travelled by produce, x1, …, xK 
are the explanatory variables, and i represents the n sample observations.  The error 
term, , is assumed to follow a normal distribution and the coefficients, β1, .., βK, are 
parameters to be estimated (Greene 1991).   
Variables included in the empirical specification of the model were: market type, 
gender, transporting agent (either farmer or vendor), postharvest handling method, 
transportation method, volume sold, presence of other primary income source(s), and 
degree of problems encountered with infrastructure, and capital.  It was hypothesized 
that formal markets might source their vegetables from farther away, given the larger 
volumes they require.  When vendors transport produce themselves, rather than the 
farmers, they may be willing to travel farther.  Among the informal vendors surveyed, 
no brokers or middlemen were used to transport produce.  Some supermarkets did have 
a third-party company that was responsible for providing and delivering fresh produce, 
but this was not common.  It was hypothesized that when postharvest measures were 
taken, the distance traveled could be increased without reducing quality.  The vendors 
who sell greater volumes, or who rely on selling vegetables as their primary source of 
income, may travel greater distances.  Vendors who have greater problems with 
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infrastructure and access to capital may be less likely to travel longer distances, and 
vendors with access to a private vehicle were hypothesized to travel farther than those 
on foot, using public transportation, motorcycles, or other means of transportation.  
Since the most common form of transportation was public transport (13-passenger vans 
or matatus in Kenya), this was used as the reference variable for all other forms of 
transport.  All analyses were carried out in R 3.1.2 (R Core Team 2015; Nakazawa 2015). 
5.4 Results 
Table 5.1 shows descriptive statistics for the sample, while Table 5.2 shows 
differences between formal and informal markets.  Informal market vendors represent 
the majority of vendors, as well as the majority of the sample.  Informal vendors were 
significantly more likely to be women than formal market vendors.  Distance traveled 
was not significantly different between groups, although the average time taken for 
produce to reach the market through formal vendors was almost twice that of vendors 
in informal markets. Although only 32.5% of vendors sell to more than one market, 
these vendors were more likely to sell through formal markets.  The most common form 
of transportation was public transportation (matatus), and this was more widespread 
among informal vendors.  Private vehicles, on the other hand, were almost exclusively 
used by supermarkets.  In general, the vendor was responsible for transporting the 
vegetables, although supermarkets often had third-party companies that provided 
produce and absorbed the cost of transportation.   
 Vendors purchase vegetables by the sack (used for measuring 50 kg of maize) 
and then re-bundle produce into 200-500 gram bunches that vary in size according to 
149 
 
the season and price.  Even though informal vendors were selling more produce than 
their formal counterparts, their gross incomes in both rainy and dry seasons were on 
average less than half of the formal retailers (shown in Kenyan Shillings, or KSH).  This 
discrepancy may be accounted for by the lower prices informal vendors charged for 
their bundles, as well as their treatment of unsold produce at the end of the day.  
Although most informal vendors (71.4%) resold the same produce the next day, 17.5% 
gave away their leftover produce, fed it to animals, or ate it themselves.  Formal 
vendors were more likely to have arrangements with vendors to come and purchase 
back any unsold produce at the end of the day, which would help formal vendors 
mitigate any losses.  No informal vendors had such arrangements. 
 The vast majority of all vendors (97.0%) considered the market for ALVs to be 
growing.  Surprisingly, formal vendors were not as optimistic, and 25% thought the 
market was either declining or showing no change.  Formal vendors were significantly 
younger than informal vendors, but only half of each group considered vegetable sales 
to be their primary source of income.  Formal markets offered more exotic vegetable 
species such as cabbage and collard greens, but there were no differences in the 
number of traditional species or total species. 
 Perceptions about market barriers differed between formal and informal market 
vendors, although infrastructure and price variability were cited by both (Tables 2 and 
3).  Consumer perception was more often cited as a problem by formal market vendors, 
with some noting public unease about genetically modified vegetables (even though 
these are not available for ALVs).  Seasonal variability was a problem for both informal 
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and formal vendors, but more likely to be a small problem for informal vendors and a 
large problem for formal vendors.  Poor quality produce was a much greater problem 
for formal vendors, while access to capital was a much smaller problem.  For informal 
vendors, capital was cited as a large problem 64.7% of the time (Table 5.3).  Overall, 
municipal regulations and consumer demand were not cited as problems by the 
majority of vendors, either formal or informal. 
 Distance travelled to reach the market may impact the quality of vegetables and 
cost to consumers, so time in minutes required to reach the market was modeled in 
Table 5.4.  Market type significantly impacted distance, with formal vendors travelling 
196 minutes more than informal market vendors.  When produce was transported by 
the grower, it traveled 37 minutes less than when the vendor was responsible for 
transportation.  When vendors used private vehicles, transportation time increased by 
60 minutes compared to using public transportation.  Greater time spent in 
transportation was associated with increased perception of infrastructure as a limiting 
factor.  The distance was not significantly impacted by the volume of vegetables sold or 
whether selling vegetable was the vendor’s primary occupation, as these coefficients 
were not significant in the model (Table 5.4). 
5.5 Discussion 
The expansion of the formal market in Kenya, which is similar to other developing 
countries, may pose a risk to the informal market and the people who depend on it for 
their livelihoods.  Although informal markets continue to hold the majority of ALV sales, 
the proportion of sales in the formal market has been increasing (Neven and Reardon 
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2004).  This shift in balance is likely to open up opportunities in some sectors while 
closing others (Rao, Brummer and Qaim 2012; Rao and Qaim 2011; Rao and Qaim 2013) 
but each actor may not be able to adapt equally to the market environment.  (Rao and 
Qaim 2013) have suggested that farmers participating in supermarket channels are 
more likely to hire more female labor, although women are usually paid less than men 
for agricultural labor.  Farmers participating in supermarket supply chains were also 
shown to be overwhelmingly male (Rao and Qaim 2011) and our data have confirmed 
that formal market vendors are much more likely to be male as well (Table 5.2).  It is still 
not clear how formal market expansion into a traditionally female-controlled crop 
(Weinberger et al. 2011) will affect male and female stakeholders.  In a similar case in 
which power over horticultural crops transitioned from primarily female to male hands, 
this change led to sometimes violent struggles over household resources as well as 
increased accusations of witchcraft in a Kenyan agricultural community (Dolan 2001).  
The social costs paid by communities undergoing this transition are likely to accrue 
unequally to actors across the value chain. 
 Our data reveal a vibrant informal community that still persists in Eldoret, Kenya.  
Despite rapidly expanding supermarkets, the vast majority of ALVs are still traded 
informally.  Informal markets may have advantages over formal markets in areas where 
vendors perceive market barriers differently.  The shorter distance produce travels to 
reach informal markets may lead to improved quality, which is a characteristic which 
local consumers value and are willing to pay premia (Chelang’a, Obare and Kimenju 
2013; Croft, Marshall and Weller 2014).  Informal market vendors may be at a 
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disadvantage when accessing credit is necessary, as formal markets have much greater 
resources.  Informal markets have fewer problems with seasonality so they can attract 
customers looking for a stable year-round supply and lower prices (Tables 2 and 3).  This 
trend may be due to the fact that supermarkets depend on larger farmers to meet their 
greater volumes or quality standards (Rao and Qaim 2011), which may in turn limit the 
number of farmers who can supply supermarkets.  This smaller base of farmers may 
make supermarkets more sensitive to seasonal fluctuations.  On the other hand, 
informal vendors may have a much great number of farmers to source from, which can 
help them adapt to seasonal fluctuations in supply and keep their prices low.  However, 
supermarkets may be able to target customers that value the convenience of 
completing all their shopping in one location and are willing to pay a premium for that 
convenience.  These customers are still the minority in Eldoret, Kenya, and may be 
influencing the responses of formal vendors (25%) who did not see the ALV market as 
expanding.    
 Although the informal market still holds more than 90% of the fresh fruit and 
vegetable market (Neven et al. 2009), its future is not certain.  Informal markets provide 
income for hundreds of informal vendors and easy access to nutritious vegetables for 
consumers in urban centers across Kenya.  In order to support informal vegetable 
vendors, policymakers should improve access to credit for these small-scale businesses 
through private banks, government-subsidized loans, or microcredit.  Providing training 
on business skills may also help informal vendors, who sell more produce than formal 
markets but still make less in gross income.  Improving infrastructure that connects 
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urban and rural areas would benefit both formal and informal vendors, who may be 
able to maintain higher vegetable quality by cutting transport time and connecting more 
areas to urban markets.  This may also address the seasonal unavailability of ALVs 
experienced primarily by formal vendors.  Improved infrastructure could connect formal 
supply chains to a diversity of growers and increase the stability of the ALV supply in 
urban areas.  More research needs to be conducted to better understand how women 
may be impacted by the changing balance between the formal and informal markets.   
5.6 Summary and Conclusions 
Despite the expanding formal market, informal vendors in open air markets still 
dominate the ALV market in Eldoret, Kenya, selling at both greater volume and lower 
price.  In spite of their current position, there are threats to the sustainability of these 
businesses since their gross incomes from vegetable sales are less than half of the 
formal markets in both rainy and dry seasons (Table 5.2).  Supermarkets face challenges 
establishing their vegetable market due to seasonal supply issues and low quality of 
vegetables, likely due to the increased length of time the vegetables spend en route to 
market.  If they were able to source vegetables from a diverse set of local growers as do 
the informal market vendors, this could improve both the quality and stability of the 
vegetable supply.  Unlike the formal markets, informal markets are dominated by 
women and they face consistent problems accessing credit.  Improving the ability to 
borrow money for these small businesses would help them grow their businesses and 
potentially invest more in postharvest handling to reduce produce losses from day to 
day.  Since these businesses represent the vast majority of the market, reducing their 
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market barriers could strengthen the supply chain and have a positive impact on both 
ALV growers and consumers.  Investing in infrastructure could also help reduce 
transport times and link growers to markets, both formal and informal.   Although many 
challenges still face the ALV supply chain, addressing market gaps and reducing barriers 
can improve access and availability of nutritious ALVs in western Kenya. 
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Table 5.1 Descriptive Statistics of Variables Measured for ALV Vendors. Note: all 
monetary values shown in Kenyan Shillings 100 KSH = 0.99 USD. 
Variable  Definition Mean SD 
Vendor Characteristics   
Market type =0 if a supermarket vendor, 1 otherwise 0.93 0.26 
Gender =0 if male, 1 if female 0.77 0.43 
Age Age of the vendor (years) 36.92 7.56 
Income rainy Average income per week from ALVs in the rainy season (KSH) 2775.63 3058.83 
Income dry Average income per week from ALVs in the dry season (KSH) 5625.96 6086.03 
Primary income =1 if selling produce is the primary source of income for the 
vendor, 0 otherwise 
0.52 0.50 
Traditional species Number of traditional species sold 3.92 0.95 
Exotic species Number of exotic species sold 1.93 0.92 
Total species Total number of vegetable species sold 5.85 1.36 
Transportation    
Distance Distance traveled for vegetables to reach the market, in minutes 91.46 77.94 
Other markets =1 if a vendor sells ALVs at other markets as well, 0 otherwise 0.33 0.57 
Matatu =1 if produce is transported by public transportation, 0 otherwise 0.57 0.50 
Motorcycle =1 if produce is transported by motorcycle, 0 otherwise 0.24 0.43 
Walk =1 if produce is transported by foot, 0 other 0.04 0.19 
Private vehicle =1 if produce is transported by private vehicle, 0 otherwise 0.11 0.31 
Other transport =1 if produce is transported by other methods, 0 otherwise 0.04 0.20 
Who transports =0 if the vendor transports, 1 if the farmer 0.20 0.43 
Who pays 
transport 
=0 if the vendor pays, 1 if the farmer 0.05 0.25 
Market Practices    
Volume sold Number of sacks of produce sold per week 6.32 4.17 
Price rainy Price per bundle in the rainy season (KSH) 11.88 3.87 
Pay rainy Price paid to supplier per sack in the rainy season (KSH) 860.46 466.42 
Postharvest =1 if any postharvest measures are taken to maintain vegetable  
freshness, 0 otherwise 
0.90 0.22 
Resold =1 if the produce left over at the end of the day is resold the next 
day, 0 otherwise 
0.67 0.47 
Market trend =0 if the vendor has seen the market for ALVs grow in recent 
years, 1 if it has stayed the same or shrunk 
0.03 0.17 
Market Barriers    
Infrastructure =0 if poor infrastructure is not a barrier to the vendor’s market, 1 
if a small problem, and 2 if a large problem 
0.74 0.82 
Municipal =0 if municipal regulations are not a barrier to the vendor’s 
market, 1ifa small problem, and 2 if a large problem 
0.39 0.64 
Season =0 if seasonal fluctuations are not a barrier to the vendor’s 
market, 1 if a small problem, and 2 if a large problem 
0.94 0.67 
Price =0 if price fluctuations are not a barrier to the vendor’s market, 1 
if a small problem, and 2 if a large problem 
0.79 0.75 
Quality =0 if poor quality is not a barrier to the vendor’s market, 1 if a 
small problem, and 2 if a large problem 
0.59 0.72 
Capital =0 if access to capital is not a barrier to the vendor’s market, 1 if a  
small problem, and 2 if a large problem 
1.48 0.73 
Demand =0 if consumer demand is a barrier to the vendor’s market, 1 if a 
small problem, and 2 if a large problem 
0.63 0.70 
Perception =0 if consumer perceptions are not a barrier to the vendor’s 




Table 5.2 Characteristics of Formal and Informal ALV Vendors. Significant Differences 
Denoted by Asterisks * p < 0.10, ** p < 0.05, *** p < 0.01, **** p < 0.001. Note: all 
monetary values shown in Kenyan Shillings 100 KSH = 0.99 USD. 
 Formal Market Informal Market  
 Mean SD Mean SD P value 
Vendor Characteristics      
Gender 0.17 0.39 0.81 0.39 0.00*** 
Age 26.75 5.80 37.87 7.00 0.000*** 
Income rainy (KSH) 7104.17 8522.63 2419.86 1715.36 0.08* 
Income dry (KSH) 14977.27 16807.52 4916.55 3614.54 0.08* 
Primary income 0.56 0.53 0.52 0.50 1.00 
Traditional species 3.42 1.24 3.96 0.91 0.16 
Exotic species 2.75 0.45 1.87 0.91 0.00*** 
Total species 6.17 1.47 5.83 1.35 0.59 
Transportation      
Distance (min) 161.67 197.80 85.95 57.48 0.22 
Other markets 0.75 1.06 0.29 0.51 0.17 
Matatu 0.17 0.39 0.60 0.49 0.005*** 
Motorcycle 0.17 0.39 0.25 0.43 0.74 
Walk 0.00 0.00 0.04 0.19 1.00 
Private vehicle 0.58 0.52 0.07 0.26 0.001**** 
Other transport 0.08 0.29 0.04 0.19 1.00 
Who transports 0.50 0.67 0.17 0.40 0.02** 
Who pays transport 0.42 0.67 0.03 0.16 0.001*** 
Market Practices      
Volume sold 2.25 0.83 6.47 4.17 0.007*** 
Price rainy (KSH) 18.92 4.42 11.34 3.27 0.00*** 
Pay rainy (KSH) 400.00 282.84 866.51 465.89 0.25 
Postharvest 1.00 0.00 0.94 0.24 1.00 
Resold 0.08 0.29 0.71 0.45 0.001**** 
Market trend 0.25 0.45 0.01 0.11 0.003*** 
Market Barriers      
Infrastructure 0.83 0.84 0.73 0.83 0.74 
Municipal 0.08 0.29 0.42 0.65 0.31 
Season 1.17 0.94 0.93 0.64 0.004*** 
Price 0.67 0.78 0.80 0.75 0.93 
Quality 1.00 1.00 0.56 0.69 0.01*** 
Capital 0.46 0.82 1.55 0.67 0.001*** 
Demand 0.33 0.65 0.65 0.70 0.19 






Table 5.3 Proportion of Respondents Who Stated that Each of the Following Factors 
Were Not a Problem, a Small Problem, Or a Big Problem for Their ALV Market.  Asterisks 













Infrastructure Formal 0.417 0.333 0.250 
Informal 0.506 0.253 0.240 
Municipal Formal 0.917 0.083 0.00 
Informal 0.675 0.234 0.091 
Season Formal 0.333 0.167 0.500* 
Informal 0.245 0.585* 0.170 
Price Formal 0.500 0.333 0.167 
Informal 0.401 0.401 0.197 
Quality Formal 0.455 0.091 0.455* 
Informal 0.549 0.340 0.111 
Capital Formal 0.727* 0.091 0.182 
Informal 0.098 0.255 0.647* 
Demand Formal 0.750 0.167 0.083 
Informal 0.477 0.392 0.131 
Perception Formal 0.500 0.167 0.333 





Table 5.4 Model of Distance Travelled in Minutes for Produce to Reach Market. 
Transportation Method as Compared to Public Transportation (Matatu). N = 131, AIC = 
1476.9. * p < 0.10, ** p < 0.05, *** p < 0.01. 
 
 Estimate Standard 
Error 
t Value p Value 
Intercept 229.089 42.976 5.331 0.000*** 
Market.type -197.625 47.607 -4.151 0.000*** 
Gender 14.371 20.258 0.709 0.479 
Who.transports -36.93 20.476 -1.804 0.074* 
Postharvest 6.487 22.513 0.288 0.774 
Motorcycle 26.194 16.03 1.634 0.105 
Walk -2.368 29.129 -0.081 0.935 
Private.vehicle 59.953 28.319 2.117 0.036** 
Other.transport 46.258 31.869 1.452 0.149 
Volume.sold 1.426 1.462 0.976 0.331 
Primary.income 7.008 13.074 0.536 0.593 
Infrastructure 13.8 7.877 1.752 0.082* 






CHAPTER 6. CONSUMERS’ PREFERENCE FOR QUALITY IN THREE AFRICAN LEAFY 
VEGETABLES IN WESTERN KENYA  
6.1 Abstract 
 African Leafy Vegetables are an important source of income generation for 
smallholder farmers in Western Kenya.  Though grading of produce and investment in 
post-harvest handling is limited, these results show a strong market for high quality 
African Leafy Vegetables at a premium price.  A choice experiment approach was used 
to evaluate consumer preference for high quality in three Kenyan cities for three 
vegetable species: nightshade (Solanum spp.), spider plant (Cleome gynandra), and 
amaranth (Amaranthus cruentus).  Female consumers and those who generally spent 
more on produce were more likely to select high quality vegetables, but the market for 
these vegetables differed greatly by species.  Consumers were significantly more likely 
to choose high quality nightshade if they had a home garden while preference for high 
quality spider plant was more variable from city to city than either of the other two 
vegetable species.  Overall, 71% of consumers surveyed chose at least one high quality 
product at a premium price; this is a strong indication that consumers in Western Kenya 




African Leafy Vegetables (ALVs) represent a diverse and widespread set of 
vegetables that are consumed across Kenya.  Leaves, fruits, and roots from over 1,000 
species of ALVs form the backbone of traditional diets (Muhanji et al., 2011) but in many 
cases have been ignored at the expense of introduced vegetables like kale and cabbage 
(Adeka et al., 2009; Okeno et al., 2003; Omiti et al., 2005).  These include both wild and 
domesticated leafy greens such as cowpea (Vigna unguiculata), nightshade (Solanum 
spp.), spider plant (Cleome gynandra), amaranth (Amaranthus cruentus), and jute 
mallow (Corchorus olitorius).  Government policies take little account of the role ALVs 
play in the agricultural sector and have done little to promote research and investment 
(Figueroa et al., 2009).  ALVs are often a more sustainable alternative to exotic crops 
such as kale or cabbage, as they can be pest-resistant, require fewer inputs, and are well 
adapted to local agroecological conditions (Ekesa et al., 2009).  Though their economic 
potential has yet to be completely realized, ALV production value in Kenya exceeded 30 
million USD in 2010 (Ministry of Agriculture, 2010).  ALVs are the cheapest source of 
macro and micronutrients in Kenya as well, providing vitamins A, B, and C, as well as 
minerals like calcium, iron, and potassium (Orech et al., 2007; Uusiku et al., 2010).  A 
highly nutritious diet is important in an area of the world where daily intake of fruits and 
vegetables is well below dietary recommendations and affordability of vegetables 
remains a challenge for the poor (FAO, 2012).   
ALVs are especially important to Kenyan smallholder farmers; over 90% of 
farmers grow horticultural crops of some kind (Muendo and Tschirley, 2004).  In 2002, 
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smallholder farmers together produced 3.2 million tons of fruits and vegetables which 
contributed 3% of the Kenyan GDP (Neven and Reardon, 2004).  ALVs are especially 
important to women, who are involved in all aspects of the ALV supply chain and 
dominate both intermediary and retail activities, providing an important income-
generating opportunity (Weinberger et al., 2011).  Farm gate prices of ALVs increased 
30% between 2003 and 2006, and the supply of ALVs in Nairobi is estimated to meet 
only 60% of the demand (Mwangi and Kimathi, 2006).  The ALV market promises to keep 
growing with the rapidly expanding population of Kenya.   
Meeting urban consumers’ demand provides both opportunities and challenges 
to Kenyan farmers as African urbanization is occurring at a higher rate than anywhere 
else in the world (FAO, 2012).  Increasing urbanization has allowed for the dramatic 
expansion of the formal sector in food markets, as represented by supermarkets and 
specialty stores.   Supermarket sales have grown by 18% annually since 1995 as 
supermarket chains spread to smaller cities (Neven and Reardon, 2004).  Even though 
more than 90% of consumers continue to purchase their fresh vegetables in informal 
open air markets (Ayieko et al., 2005), supermarkets are increasingly offering diverse 
produce selections in their stores.  In Western Kenya, where several growing urban 
centers are located, many supermarkets still source their produce from Nairobi which is 
300-500 km away, reducing shelf life and increasing the price of the vegetables.  Long-
distance shipping of produce often results in poor quality vegetables in terms of 
freshness and appearance by the time they reach more distant cities, a consequence of 
the still-developing supply chain infrastructure.   
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Currently, the urban supply of ALVs is not meeting consumer demand and 
quality is low (Mwangi and Kimathi, 2006).  Increased ALV production by smallholders 
would be ideal for meeting this demand, but accessing the market can be a challenge.  
Access to capital is limiting investment in appropriate postharvest handling, agricultural 
production inputs, and technology.  Refrigerated transport is prohibitively expensive for 
most, and poor infrastructure (from roads to vehicle availability) means that even short 
distances to markets can take a long time to travel (Ayieko et al., 2005).  Most 
smallholder growers sell their produce to middlemen and are only paid an average of 
17% of the final retail price which is much less than producers who sell directly to 
supermarkets and receive 57% of the retail price (Neven et al., 2009).  If smallholder 
farmers were able to enter this growing market, there is excellent potential for not only 
increased profit but also an improved distribution and supply of these important crops 
for consumers. 
Insufficient information about the market dynamics of ALVs limits smallholder 
farmers’ access to markets.  Though ALVs are widely consumed, some species are more 
popular than others and the popularity of specific ALVs can vary greatly from region to 
region.  If specific information on these market and supply dynamics was available to 
growers, they would be better positioned to target their produce to the most receptive 
market and plant according to the highest value crop for their area.  Growers can gain a 
competitive edge by investing in postharvest handling so that fresher produce reaches 
the market.  To justify making this investment, growers would need to expect a higher 
profit to recover this cost.  Grading produce by separating out top quality and charging a 
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premium for it can help growers boost profits, but buyers have to be willing to pay a 
premium.  If a large market exists for higher quality ALVs in the formal or informal urban 
market, growers would have a reason to improve the quality of the ALVs produced and 
thus achieve higher profits.  A greater understanding of consumer demand and market 
dynamics of ALVs would help address the market gap that developing supply chains 
have yet to fill.  Bringing market information to smallholder farmers on the vegetables 
that consumers demand will enable them to take advantage of this opportunity.   
To address the lack of information about ALV market dynamics and the potential 
of this sector, this study used a choice experiment survey approach to identify potential 
determinants of consumer preference regarding quality of ALVs in Western Kenya with a 
focus on three species: nightshade (Solanum spp.), spider plant (Cleome gynandra), and 
amaranth (Amaranthus cruentus).  These are three of the top five ALV species in terms 
of production value (Ministry of Agriculture 2010) and are widely available across cities 
in Western Kenya.  Information generated is important for developing agricultural 
policies for improving production methods, postharvest handling, and infrastructure.  By 
connecting actors in the market chain (e.g. farmers, wholesalers, and retailers) and 
providing them with accurate market information, the outcomes of this study will 
promote improved availability of high quality ALVs for urban consumers.   
6.3 Materials and Methods 
This study used a choice experiment approach to measure consumer preference 
for quality in three ALV species in Western Kenya: nightshade, spider plant, and 
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amaranth. Consumer data were collected from 340 customer interviews at the point of 
sale between June and August 2013.  Questionnaires were validated through pre-testing 
and conducted in six locations (three supermarket locations and three open air markets) 
in three cities of varying size in Western Kenya: Busia, Kakamega, and Eldoret (Figure 
6.1, Table 6.1).   
6.3.1 Survey Cites 
Survey cities were selected to represent different sizes and stages of 
supermarket expansion in Western Kenya as documented by Neven and Reardon 
(2004).  Busia, Kakamega, and Eldoret each represent a different stage in the 
progression of supermarket presence but all have local open-air markets (Table 6.1).  
Busia has only small, independent supermarkets that do not sell fresh produce, 
representing the very first stage of supermarket development and expansion.  
Kakamega has two of the larger national chains and only a few supermarkets that sell 
produce, while Eldoret has a full array of national chains and smaller independent 
outlets with most offering fresh produce.  This allowed us to assess consumer 
preferences across a range of representative cities in Western Kenya. 
 Surveys were conducted in the main open air market of each city to represent 
the informal market sector.  Roadside stalls were not included as Lagerkvist et al. (2013) 
found no significant differences between roadside stalls and open-air markets.  Surveys 
were conducted in supermarkets carrying ALVs from the top three national chains 
(Uchumi, Nakumatt, and Tusky’s), which together represent 52% of supermarket sales 
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(Neven and Reardon, 2004).  Though surveys were only conducted in stores where the 
management gave permission, these stores represent the largest of the national chains 
in Kenya with very similar produce sections and prices.  Supermarket consumers in Busia 
were not surveyed, as these locations do not carry fresh produce.  Surveys were 
conducted on multiple days throughout the week and times throughout the day.   
6.3.2 Consumer Surveys 
Consumers over 18 years of age who indicated they were willing to participate in 
the survey were shown pictures of low, medium, and high quality bundles of 
nightshade, spider plant, and amaranth (Figure 6.2).  All bundles were the same size 
within each species, but low quality bundles showed limp leaves, a crushed appearance, 
and severe wilting.  Medium quality bundles were slightly fresher with less physical leaf 
damage and top quality bundles had crisp, non-wilted leaves and no physical damage.  
Prices were set in intervals of 5 KSH, from slightly below current market price to slightly 
above current market price based on the most recent prices quoted by multiple formal 
and informal vendors.  Consumers were asked to select one bundle for each vegetable 
that they would be most likely to purchase and a series of demographic questions about 
their age, family size, and education level (Table 6.2). 
6.3.3 Models 
Four separate dependent variables were used to construct four probit models; 
one for each vegetable species and one for consumers who chose all three ALVs at the 
highest quality.  Based on their stated preference for quality, consumers were divided 
169 
 
into two groups for each vegetable.  Those that chose the highest quality were modeled 
against all others for each ALV separately, while consistent consumers who chose all 
three ALVs at the top quality were modeled against all others. Variable definitions and 
descriptive statistics are shown in Table 6.2.   Respondents who did not complete all 
questions were not included in the final models.   
Data were analyzed with a probit model using the following specification:  
 
Where   = the latent and continuous dependent variable 
  = a vector of parameters to be estimated 
  = a vector of explanatory variables describing the consumer 
  = a random error term assumed to follow a normal distribution 
The observed consumer response, , is coded as: 
 
The determinants of consumer preference used in the model were selected 
based on previous research in this area. Purchase location is thought to be associated 
with consumer preference for high quality produce.  The three cities represent distinct 
levels of supermarket expansion and cultural diversity which may lead to differences in 
consumer preference and expectations of quality.  The type of market at which 
consumers shop was considered important, as supermarket consumers have been 
shown to have a higher willingness to pay for both ALVs and their common substitute, 
kale (Chelang’a et al., 2013; Lagerkvist et al., 2013).   
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The gender of the respondent was also included as ALVs are largely considered 
the domain of women in Kenya (Weinberger et al., 2011), though gender was not shown 
to be significant in willingness to pay a premium for ALVs in general (Chelang’a et al., 
2013) or in Nairobi consumers’ willingness to pay for cleaner ‘safe’ certified kale 
(Lagerkvist et al., 2013).  Chelang’a et al. (2013) found income to be positively 
associated with willingness to pay for ALVs, but consumers’ average weekly produce 
budget is more specific to a consumer’s spending on the vegetables of interest and their 
substitutes.  Higher levels of education were found to be positively associated with 
consumer willingness to pay for both ALVs in Eldoret (Chelang’a et al., 2013) and ‘safe’ 
kale in Nairobi (Lagerkvist et al., 2013) and this pattern may extend to preference for 
quality even at a higher price.  In general, ALVs are considered ‘traditional’ foods (Adeka 
et al., 2009; Figueroa et al., 2008) and, therefore, may be more valued by the elderly. In 
fact, Chelang’a et al. (2013) found that age was positively associated with willingness to 
pay for ALVs.  All of these variables were considered potentially relevant explanatory 
variables in determining consumers’ preference for higher quality in nightshade, spider 
plant, and amaranth.  
Household characteristics may also influence consumer preference for high 
quality. Household size may influence a consumer’s purchasing habits, as Chelang’a et 
al. (2013) found that the presence of children under 18 was positively associated with 
willingness to pay for ALVs.  Household involvement in ALV production could also affect 
purchasing preferences.  Torjusen et al. (2001) found that consumer and producer 
perceptions of quality can differ based on the traits that each group considers most 
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important in making up produce quality.  The presence of a home garden and 
specifically growing ALVs may indicate that a customer is more likely to value fresh, high 
quality produce and regularly consume ALVs.   
6.4 Results and Discussion 
 Consumer preference for the three ALVs differed, though some patterns 
emerged, the market for high quality nightshade, spider plant, and amaranth should 
target distinct consumer bases.  The expanding urban centers of Kenya will form an 
important market for ALV producers, and this information can be used to better connect 
farmers and retailers with the most receptive consumers. 
6.4.1 Nightshade 
Several factors influenced consumer preference for high quality nightshade 
(Table 6.3) including gender, budget, and presence of a home garden.  Women had an 
increased probability of choosing high quality nightshade compared to men, even at the 
higher price (p = 0.044).  Being female increased the probability of choosing high quality 
amaranth by 15%.  Customers accustomed to spending more on vegetables in general 
(as represented by their weekly produce budget) had a greater probability of choosing 
high quality nightshade (p = 0.072): for every 1% increase in consumers’ weekly produce 
budget, the probability that consumers would choose the highest quality bundle 
increased by 4%.  A stronger predictor was the presence of a home garden (p = 0.01), 
which increased the probability that consumers would purchase high quality nightshade 
by 57%.  Conversely, the presence of ALVs in home gardens significantly decreased the 
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probability that consumers would choose high quality nightshade by 27%.  This could be 
because consumers with gardens valued access to fresh produce and were more likely 
to pay for fresh vegetables when they could not produce enough for their own 
consumption.  However, consumers who grow their own ALVs are less likely to pay for 
high quality nightshade, perhaps because they are already producing enough to meet 
their needs.  The majority of surveyed consumers (68%) did have a home garden but not 
all grew ALVs, which suggests that there may still be a market for high quality 
nightshade at a premium.   
6.4.2 Spider plant 
 Several factors influenced spider plant consumers’ decisions that were distinct 
from the other two ALVs (Table 6.4).  Consumers who chose high quality spider plant 
showed much stronger regional patterns than did consumers for either amaranth or 
nightshade.  Keller et al. (2005) showed that even within the same region of Tanzania a 
huge diversity of traditional vegetables exist with a low degree of overlap between 
communities only a few hours away from each other.  These distinct regional 
preferences for ALVs are also seen in Western Kenya, as consumers in Busia and 
Kakamega had an increased probability of purchasing high quality spider plant 
compared to those in Eldoret by 27% and 19%, respectively.  Unlike nightshade and 
amaranth, spider plant may have an ingrained regional appeal in cities outside of 
Eldoret.  Consumers in Busia and Kakamega may have a stronger traditional ties to 
spider plant that increases their probability of paying more for high quality spider plant.  
Though consumers in Eldoret have the widest array of options in terms of the number of 
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supermarkets and informal markets, they were the least likely to choose high quality 
spider plant.  This may indicate that they would rather find a substitute for spider plant 
than pay the higher price.   
The gender of the consumer was also significant (p=0.099).  Women had an 
increased probability of 12% of choosing high quality spider plant over men, similar to 
the pattern for nightshade consumers.  A higher budget allotment for produce was a 
good predictor of consumers’ quality preference; an increase of 1% in produce budget 
corresponded with a 9% increase in consumers’ probability of choosing high quality 
spider plant.  The presence of a garden was another positive and significant predictor of 
consumer preference for spider plant.  Having a garden at home increased the 
probability that a consumer would choose high quality spider plant by 36%, but in this 
case there was no significant effect of growing ALVs at home on consumer preference 
for spider plant.  This indicates that whether or not ALVs are grown, if a consumer has a 
home garden they will be more likely to select high quality spider plant, perhaps 
because they value fresh produce enough to grow it themselves.   
6.4.3 Amaranth 
 Parameter estimates and marginal effects for the amaranth quality model are 
shown in Table 6.5.  Location, market type, gender, produce budget, presence of a 
garden, age, education level, and household size were not statistically significant for 
predicting the probability of consumer preference for amaranth of the highest quality.  
Age, education, market type, and number of children were significant in predicting 
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consumer willingness to pay for ALVs (over other kinds of available vegetables) 
(Chelang’a et al., 2013) but none of these parameters significantly impacted consumer 
preference for high quality amaranth.  Our results showed that amaranth did not follow 
the consumer choice patterns of other ALVs like nightshade and spider plant, and that 
treating ALVs as a homogenous unit may overlook critical differences in ALV quality 
preferences.  Consumer preference for high quality amaranth at a premium may be 
because, unlike other ALVs, amaranth has broad appeal that transcends demographics 
or amaranth quality may not be as important to consumers.  Though other high quality 
ALVs appeal to specific sections of consumers, amaranth does not follow this pattern.  
This could indicate that investing in postharvest handling to bring amaranth to market at 
the highest quality may not be as important, as there is no clear market incentive.  
6.4.4 Consistent high quality purchasers 
Despite differences in consumer preference for the three ALVs, 30% of surveyed 
consumers consistently chose bundles of the highest quality for all three. These 
consumers represent an important market for ALV retailers in both informal and formal 
markets because they regularly prefer quality produce even at a premium price.  
Identifying and marketing toward these consumers will help ALV growers realize a 
higher profit by grading their produce or investing in improved postharvest handling.   
Parameter estimates and marginal effects used to model consumers who 
consistently chose high quality ALVs are shown in Table 6.6.  To capture this consistency 
in purchasing patterns, gender was identified as the most significant predictor of 
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consumer consistency across all three ALVs.  Compared to men, women had an 
increased probability of 13% to consistently choose high quality ALVs.  There was a 
positive association between consumers’ produce budgets and likelihood of consistently 
choosing high quality ALVs as well; for every 1% increase in consumers’ weekly produce 
budget, the probability that they would consistently choose all three highest quality 
bundles increased by 10%.  These data suggest that farmers should target their highest 
quality produce to consumers who are female and who tend to spend more money on 
produce as these are the most consistent determinants of consumer preference for high 
quality ALVs. 
 The variables that did not have a significant effect on consumers’ probability of 
choosing high quality vegetables are also meaningful when looking at consumer trends.  
The most surprising result was the lack of significant differences between open air 
markets and supermarkets.  Even though formal market consumers were willing to pay 
more for ALVs in general (Chelang’a et al., 2013) and for ‘safe’ kale (Lagerkvist et al., 
2013), these consumers did not display significant differences in their preference for 
quality.  Supermarkets generally charge more for produce than open air markets do 
(Chelang’a et al., 2013), but sometimes supermarkets carry produce of inferior quality 
compared to open air markets due to the long travel time from their source locations in 
Nairobi.  Formal market consumers may value the convenience of supermarket 
shopping (even at higher prices) and be willing to accept slightly lower quality produce.  
This could lead to the lack of relationship found between consumer preference for 
quality and the type of market outlet.   
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 The estimates of coefficients for education levels were not significant in any 
model (p > 0.40), suggesting that the probability of consumers choosing high quality 
ALVs does not change with education level.  This is despite the positive relationships 
between education level and willingness to pay for organic vegetables, ‘safe’ kale, and 
ALVs (Chelang’a et al., 2013; Lagerkvist et al., 2013; Probst et al., 2012).  Consumers 
aware of the hazards of pesticides, benefits of good sanitary practices, and nutritional 
qualities of ALVs may reflect this in their willingness to pay for these vegetables, 
respectively, but this does not necessarily translate to vegetable quality in terms of 
appearance.  Fresher leafy vegetables may have improved taste and nutrition, but 
vendors in open air markets commonly keep vegetables looking fresh by moistening 
them with dirty water kept in a bucket (Lagerkvist et al., 2013).  This may deter 
customers interested in cleaner, safer produce, which Lagerkvist et al. (2013) have 
shown tend to have higher education levels.  However, if an alternative method of 
postharvest handling was used to keep leafy vegetables’ appearances fresh then it is 
likely that this would appeal to a broader consumer base.   
 Consumer age was not a significant factor in any of our models, suggesting that 
high quality ALVs are preferred by people of all ages.  Though there is a positive 
association between age of the consumer and willingness to pay for ALVs (Chelang’a et 
al., 2013), our result may indicate that this pattern does not translate to consumer 
preference for high quality ALVs.  Older consumers are more likely to have young 
children at home, which has been shown to be positively associated with a higher 
willingness to pay for ALVs (Chelang’a et al., 2013), but the number of people living in 
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the consumer’s household did not significantly affect their likelihood of purchasing a 
higher quality bundle.  ALVs are perceived as ‘traditional foods’ (Adeka et al., 2009; 
Figueroa et al., 2008) and may be less appealing to younger consumers, but perhaps 
awareness of the high nutritional content increases parents’ willingness to pay for them.  
The number of people living in the consumer’s household does not necessarily have any 
association with preference for quality, but because our study did not distinguish 
between children living at home and other family members, no association was found.  
Our result does show that people across age groups and family sizes are no more or less 
likely to prefer high quality ALVs and may make up a large market for this produce. 
6.5 Summary and Conclusions 
The expanding market for ALVs in Kenya’s growing cities (Mwangi and Kimathi, 
2006) creates opportunities for ALV growers that they can best address only with the 
most current market information.  Currently, informal markets still hold the vast 
majority of the ALV market, but supermarkets are growing and developing rapidly and 
will be an important part of the market for ALVs in the future.  By improving and 
disseminating up-to-date market information, growers can maximize profits, retailers 
can fill market gaps, and consumers can consistently access high quality ALVs.   
 Consumer preferences differed among ALV species as did the parameters that 
significantly influenced their likelihood of purchasing high quality vegetables.  
Consumers in open-air markets and supermarkets show no significant differences in 
preference for high quality nightshade, spider plant, or amaranth, which suggests that 
there could be a market for top quality ALVs at both market outlets.  With the 
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expanding urban market, this confirms the presence of opportunities for higher profit 
for ALV growers at both outlets.  None of the parameters found to significantly influence 
consumer willingness to pay for ‘safe’ kale (Lagerkvist et al., 2013) were also found to 
significantly impact consumer preference for high quality ALVs, suggesting that the 
markets for exotics (like kale) and ALVs are governed by very different patterns.   
Although previous research has focused on ALVs as a homogenous group (Adeka 
et al., 2009; Chelang’a et al., 2013; Okeno et al., 2012), our findings suggest that this 
may obscure important differences among unique species.  Nightshade preference was 
strongly influence by the gender and budget of the consumer as well as the presence of 
a home garden and growing ALVs.  In contrast, spider plant was highly regionally-
dependent in consumer preference.  Amaranth consumers followed none of these 
trends, as indicated by the lack of significance for any of the parameters.  Consumers 
who consistently chose high quality nightshade, spider plant, and amaranth did show 
some common patterns (being female and spending more on produce in general) but 
most variables differed greatly in significance for each species.  
 Overall, 71% of the consumers surveyed chose at least one ALV in the highest 
quality category, a strong indication that consumers in Western Kenya are willing to pay 
slightly more for ALVs of the best quality.  Producers supplying these markets could 
make a higher profit by either grading their produce or investing in postharvest handling 
practices to deliver top quality ALVs to formal or informal markets.  This result has policy 
implications for linking farmers to markets and connecting better market information to 
those who stand to benefit.  These policies could include encouraging local and regional 
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governments to invest in the physical infrastructure and agricultural extension capacity 
necessary to bridge the gap between growers and consumers.  This would allow all 
stakeholders to benefit from better addressing consumer demand and compensating 
farmers fairly for producing a high quality product. 
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Table 6.1  Survey locations and demographics of Busia, Kakamega, and Eldoret.  Though 
open air markets were available in each city, supermarkets varied in their number and 
the availability of produce sections.  No supermarkets were surveyed in Busia as none 
offered fresh produce.   
City Busia Kakamega Eldoret 













Open air (54) Open air (50) Open air (54) 
Total sample size 54 112 174 




Table 6.2 Descriptive statistics of the variables used in the four ALV models (N=311). 
Variable 
Name 
Definition Mean Standard 
Deviation 
Nightshade 1 if respondent chose nightshade of 
the highest quality, 0 otherwise 
0.482 0.500 
Spider Plant 1 if respondent chose spider plant of 
the highest quality, 0 otherwise 
0.628 0.484 
Amaranth 1 if respondent chose amaranth of the 
highest quality, 0 otherwise 
0.457 0.499 
Consistent 1 if respondent chose the highest 
quality for all three vegetables, 0 
otherwise 
0.294 0.457 
Busia 1 if respondent is interviewed in Busia, 
0 otherwise 
0.159 0.364 
Kakamega 1 if respondent is interviewed in 
Kakamega, 0 otherwise 
0.329 0.471 
Eldoret 1 if respondent is interviewed in 
Eldoret, 0 otherwise 
0.512 0.501 
MarketType 1 if respondent is interviewed at a 
formal market, 0 if at an informal 
market 
0.549 0.498 
Gender 1 if female, 0 if male 0.579 0.494 
LogBudget Log (Average spending on all produce 
in one week) 
5.224 1.457 
Garden 1 if respondent has a garden or farm 
at home, 0 otherwise 
0.680 0.467 
ALVs 1 if respondent grows ALVs at home, 0 
otherwise 
0.871 0.336 
Primary 1 if respondent has completed 
primary school, 0 otherwise 
0.138 0.346 
HighS 1 if respondent has completed high 
school, 0 otherwise 
0.409 0.492 
College 1 if respondent has completed post-
secondary training, 0 otherwise 
0.453 0.499 
Age Age of respondent 34.491 11.252 






Table 6.3 Parameter estimates and marginal effects for factors influencing consumer 
preference for the highest quality nightshade, N = 311, R2 = 0.101, AIC = 281.54. 
Parameter Estimate Standard 
Error 
t Value Marginal 
Effect 
Intercept -1.324 0.660 -2.01  
Busia 0.440 0.328 1.34 0.159 
Kakamega 0.148 0.219 0.68 0.054 
MarketType 0.009 0.235 0.04 0.003 
Gender 0.402 0.200 2.01** 0.146 
LogBudget 0.256 0.142 1.80* 0.040 
Garden 1.573 0.632 2.49** 0.569 
ALVs -0.758 0.379 -2.00** -0.274 
Primary -0.167 0.341 -0.49 -0.061 
HighS -0.057 0.219 -0.26 -0.021 
Age -0.014 0.009 -1.55 -0.005 
HHSize -0.003 0.038 -0.09 -0.001 
* indicates p < 0.10, ** indicates p < 0.05.  
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Table 6.4 Parameter estimates and marginal effects for the factors influencing consumer 
preference for the highest quality spider plant, N = 298, R2 = 0.110 AIC = 258.23. 
Parameter Estimate Standard 
Error 
t Value Marginal 
Effect 
Intercept -1.837 0.641 -2.87  
Busia 0.807 0.333 2.42** 0.278 
Kakamega 0.552 0.232 2.38** 0.190 
MarketType 0.250 0.244 1.03 0.086 
Gender 0.340 0.206 1.65* 0.117 
LogBudget 0.270 0.138 1.96* 0.040 
Garden 1.033 0.606 1.70* 0.356 
ALVs -0.368 0.403 -0.91 -0.127 
Primary -0.259 0.338 -0.77 -0.089 
HighS -0.039 0.224 -0.17 -0.013 
Age 0.014 0.010 1.40 0.005 
HHSize -0.029 0.039 -0.73 -0.010 
* indicates p < 0.10, ** indicates p < 0.05. 
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Table 6.5 Parameter estimates and marginal effects for factors influencing consumer 
preference for the highest quality amaranth, N = 300, R2 = 0.040, AIC = 282.69. 
Parameter Estimate Standard 
Error 
t Value Marginal 
Effect 
Intercept -0.423 0.624 -0.68  
Busia 0.293 0.322 0.91 0.111 
Kakamega 0.168 0.218 0.77 0.064 
MarketType 0.195 0.242 0.81 0.074 
Gender 0.251 0.202 1.24 0.095 
LogBudget 0.148 0.142 1.05 0.024 
Garden 0.008 0.590 0.01 0.003 
ALVs -0.064 0.371 -0.17 -0.024 
Primary 0.075 0.325 0.23 0.028 
HighS -0.111 0.216 -0.51 -0.042 
Age -0.012 0.009 -1.32 -0.005 
HHSize 0.014 0.036 0.40 0.005 
* indicates p < 0.10, ** indicates p < 0.05.  
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Table 6.6 Parameter estimates and marginal effects for the factors influencing consumer 
likelihood of consistently purchasing all three vegetables at the highest quality, N = 282, 
R2 = 0.032, AIC = 317.80. 
Parameter Estimate Standard  
Error 
t Value Marginal 
Effect 
Intercept -1.394 0.491 -2.84  
MarketType 0.081 0.198 0.41 0.027 
Gender 0.395 0.185 2.13** 0.132 
LogBudget 0.288 0.149 1.93* 0.096 
Primary 0.013 0.274 0.05 0.004 
HighS -0.099 0.192 -0.52 -0.033 
Age -0.001 0.008 -0.18 -0.001 




Figure 6.1 Map of survey sites in Western Kenya: Busia, Kakamega, and Eldoret.  Survey 
locations were concentrated in Western Kenya but selected to represent a wide urban 
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Figure 6.2 Pictures and prices shown to consumers for bundles of amaranth, nightshade, 
and spider plant of varying quality. All bundles were the same size within each species, 
but low quality bundles were selected for their limp leaves, crushed appearance, and 
severe wilting.  Medium quality bundles had slightly fresher appearance with less 
physical leaf damage.  High quality bundles had crisp, non-wilted leaves and no physical 
damage.  Prices were set from slightly below current market price to slightly above 
current market price based on the most recent prices quoted by multiple formal and 
informal vendors.  Consumers were asked to select one bundle for each vegetable that 




CHAPTER 7. THE ROLE OF AFRICAN LEAFY VEGETABLES IN HOUSEHOLD FOOD 
SECURITY: A GENDERED PERSPECTIVE 
7.1 Abstract 
Food security remains a challenge for many farming communities in rural Kenya 
and male- and female-headed households face different challenges.  African Leafy 
Vegetables (ALVs) are traditionally considered the domain of women and may offer an 
opportunity to improve female-controlled income.  This study investigated the role of 
gender in food security among 303 households across western Kenya.  Most families 
were only able to grow half of their annual food requirements, and income stability 
impacted both production and food purchasing ability.  Female-headed households 
were particularly at risk of food insecurity when they were unable to save money and 
when their farm was small.  Though ALV production was highest when women managed 
production, the prices obtained by women were 30% lower that those obtained by men.  
This suggests that ALVs may not be contributing as much as they could to female-
controlled income and that interventions that improve ALV price may be able to 
strengthen food security among female-headed households.    
7.2 Introduction 
 There are now more than 1 billion undernourished people worldwide (Garrity et 
al. 2010) and the highest concentration of the world’s food insecure people is in sub-
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Saharan Africa, where one quarter of the population is chronically hungry (FAO 2014).  
More common than undernutrition is malnutrition, since many people lack the essential 
vitamins and minerals they need to grow and lead healthy lives.  This ‘hidden hunger’ 
impacts an estimated 2 billion people worldwide (WHO and FAO 2006) but the fruits 
and vegetables that contain critical micronutrients are often expensive and unattainable 
for the poor (Smith and Longvah 2008).  Food security is defined as the state of having 
both physical and economic access to sufficient food to meet the dietary needs for a 
healthy and productive life (USAID, 1992).  Western Kenya is one example of a region 
where the interconnected and complex issues of poverty, malnutrition, and low 
agricultural productivity (Conelly and Chaiken 2000) have created many food insecure 
communities.   
African Leafy Vegetables (ALVs) have the potential to address many of the issues 
of food security facing Kenyan farmers.  ALVs are a diverse set of crops that have formed 
the backbone of many traditional diets in Kenya (Abukutsa-Onyango 2007; Muhanji et 
al. 2011).  ALVs can address micronutrient deficiencies as they have high concentrations 
of vitamins A and C as well as calcium, zinc, and iron (Orech et al. 2007; Uusiku et al. 
2010).  ALVs are especially important to Kenyan smallholder farmers, 90% of whom 
grow horticultural crops (Muendo and Tschirley, 2004), but few governments or 
agencies have recognized the important role that ALVs play in the agricultural sector.  
Little has been done to promote research and investment in ALVs (Figueroa et al. 2008) 
even though ALVs may be more suitable for Kenyan farmers than exotic crops such as 
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kale or cabbage as they require fewer inputs and are better adapted to local 
agroecological conditions (Ekesa et al. 2009).   
The importance of ALV production has been growing with increasing market 
demand for ALVs in urban centers (Mwangi and Kimathi 2006).  Demand for ALVs has 
already outstripped the supply, and rural growers have the potential to fill this market 
gap as well as meet their own nutritional needs.  Even though a large portion of ALVs 
consumed are harvested in the wild and their value is unmeasured, ALV production 
value in Kenya exceeded 30 million USD (Ministry of Agriculture, 2010).  Farm gate 
prices for ALVs increased 30% between 2003 and 2006 (Mwangi and Kimathi 2006) and 
the ALV market promises to continue growing with the rapidly expanding urban 
population of Kenya.   
ALVs are also particularly important to women, who are involved in all aspects of 
the ALV supply chain (Dolan 2001; Weinberger et al. 2011).  In Kenya, men tend to be 
the producers of the staple crop, usually maize, while women usually manage 
horticultural crops such as ALVs (Dolan 2001; Weinberger et al. 2011).  In addition to 
managing production, women dominate downstream sections of the value chain as well, 
comprising 74-98% of intermediaries and retailers in Kenya (Weinberger et al. 2011).  
The traditional status of ALVs as women’s crops provide an important income-
generating opportunity and also help meet the nutritional needs of families throughout 
Kenya. 
Household decision-making is strongly influenced by gender, and this has many 
implications for food and nutritional security.  Kennedy and Peters (1992) showed that 
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there was a positive relationship between the proportion of income controlled by 
women and household caloric intake.  Quisumbing and Maluccio (2000) also found that 
female-controlled income is more likely to be spent on education and child welfare, but 
women and female-headed households can be disadvantaged both in terms of material 
assets such as land and livestock as well as social opportunities such as credit, tenure 
rights, and access to extension (Doss et al., 2014; Kassie et al., 2014; Oniang’o & 
Mukudi, 2002).  Among households growing ALVs, male- and female-headed households 
had different determinants of their gross profits (Mwaura et al. 2013), indicating that 
treating these two populations as a homogenous group may not be valid.  Tibesigwa et 
al. (2015) showed that climate variability in sub-Saharan Africa left female-headed 
households disproportionately food insecure, which suggests that the differences 
between male- and female-headed household food security are likely to grow in the 
future.  Understanding the factors that disproportionately affect women-headed 
households can help address food insecurity among this potentially vulnerable 
population (Babatunde et al. 2008; Kassie et al. 2014). 
Even among female-headed households, large differences in food security status 
may exist depending on a variety of other factors (Doss et al. 2014; Kassie et al. 2014; 
Tibesigwa et al. 2015).  Food self-sufficiency from farm production will be limited by 
farm size, access to labor, and income or credit for farm inputs (Conelly and Chaiken 
2000; Gladwin et al. 2001; Rao and Qaim 2013).  Where families cannot be self-
sufficient, off-farm income will play a critical role in purchased additional food (Garrett 
and Ruel 1999; Rose and Charlton 2002).  Household assets, education, location, credit, 
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and extension may also contribute to food security (Doss and Morris 2000; Mwaura et 
al. 2013; Kassie et al. 2014). 
ALVs have the potential to play a large role in Kenyan agriculture because they 
can address gender disparities through female income generation and nutritional 
security through greater vegetable consumption.  The goal of this study was to identify 
the determinants of household food security among female- and male-headed 
households that grow ALVs in western Kenya.  A better understanding of the risk factors 
for these families can help in developing targeted interventions to close the gap 
between female- and male-headed household food security. 
7.3 Methods 
7.3.1 Household Data Collection 
 Our model is based on a household survey carried out across 95 villages in 8 
counties in western Kenya in 2013.  This survey was administered to 303 households on 
the status of ALV market chains and their farming practices.  Household characteristics 
and variables included in the model are defined in Table 7.1.   
A multi-stage cluster sampling design was used in this study based on the 
heterogeneous characteristics of agro-ecological zones, socioeconomic conditions, and 
the relative importance of ALVs.  Three clusters were identified: Western Kenya, Rift 
Valley low-market access, and Rift Valley high-market access.  Training on ALV 
production and marketing had been carried out in each of these regions through farmer 
groups, and these project sites were purposively sampled.  Out of 20 sites that 
contained participating farmer groups, 11 were considered to be a sufficiently 
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representative sample.  A proportional number of sites were selected from within each 
cluster.  Lists of all farmer groups involved were used to form the sampling frame and 10 
survey respondents were randomly selected per site.  Ten additional households that 
were not members of the farmer groups were also selected for interview at each site.  
Nearby villages where no training activities had taken place were identified and two of 
these were randomly selected.  From these additional villages, lists of all households 
were constructed with help from village elders and extension agents.  A random sample 
of 10 households was selected per site for the survey as well.  This sample was 
comprised of 168 households where training had been received and 134 households 
where it had not.   
7.3.2 Produced Food Conceptual Model  
We modeled the number of months of food production for each household from 
their own production to evaluate household food self-sufficiency using an OLS 
regression.  In this case, our model was specified as: 
   (1) 
where y is the dependent variable, months of food supply, x1, …, xK are the explanatory 
variables, and i represents the n sample observations.  The error term, , is assumed to 
follow a normal distribution and the coefficients, β1, .., βK are parameters to be 
estimated (Greene 1991).  Standard errors were then clustered by county (Zeileis 2006; 
R Core Team 2015a) to account for the effects of location. 
 Classification and regression trees (CART) were used to uncover hierarchical 
relationships between months of food production and numerous other explanatory 
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variables (De’ath and Fabricius 2000; Zheng et al. 2009; Ripley 2015).  CART models use 
nonparametric methods to explain variation by repeatedly partitioning data into more 
homogenous groups using combinations of variables.  Our regression tree models 
months of food production and was carried out in R 3.1.2 (Ripley 2015; Therneau and 
Atkinson 2015; R Core Team 2015b) which bases each node on finding the predictor 
variable that results in the greatest change in explained deviance. 
Food security is a challenge for many households in rural Kenya (Figueroa et al. 
2008; Muthoni and Nyamongo 2010; Kassie et al. 2014) but households are assumed to 
optimize their utility under economic and non-economic constraints (Pundo and Fraser 
2006).  Economic constraints include household income, ability to save money, assets 
(including land, motorcycles, and livestock), and the presence of wage and salary-
earners. Non-economic constraints include the distance to market, presence of 
extension officers, gender of the main agricultural producer and household head, family 
size, and membership in a farmer group receiving agricultural training.  Though the 
utility function is unobserved, our goal was to better understand the factors that may 
pose a risk to household food security. 
7.3.3 Purchased Food Conceptual Model 
To evaluate perceptions of household food security, we used a multinomial logit 
model to determine choice probabilities across more than two non-ordered categories 
(Greene 1991; Nkamelu and Kielland 2006).  The multinomial logit has C possible 
categories that are both exclusive and exhaustive, such that c = 1, 2, 3, … C (Nkamelu 
and Kielland 2006).  In this analysis, there were three possible categories.  Households 
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were asked to state whether achieving their food objectives were currently easily 
achievable, had not changed, or were increasingly difficult.  
 For the three categories possible (c = 1, 2, 3), the multinomial logit model 
describes the probability Pic for each of the sampled of households I = 1, 2, 3, …, N.  One 
category becomes the reference category, which in our analysis was the “easily 
achievable” category, referred to as the “reference state” (Greene 1991; Nkamelu and 
Kielland 2006).  The vector of characteristics associated with each household is 
represented by z.  The multinomial logit model for food security across C states is 
specified as: 
    (2) 
 
The coefficients βi were estimated using R 3.1.2 software (Croissant 2013; R Core Team 
2015b).  Separate models were also estimated for female- and male-headed households 
(Kassie et al. 2014).   
7.3.4 Empirical Model 
 Household food security is determined by the food that is grown, the food that 
can be purchased, and any assistance received from formal or informal networks 
(Garrett and Ruel 1999).  All households surveyed used some combination of the above 
sources, but the amount of food required for each family will vary according to the 
household size.  Farm acreage may ultimately limit the amount of food that can be 
produced by each household (Conelly and Chaiken 2000).  On- and off-farm income 
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sources are important for rural households when they are required to purchase food 
(Conelly and Chaiken 2000; Gladwin et al. 2001; Rose and Charlton 2002; Kassie et al. 
2014).  To adequately account for income and other household assets we included 
household income, livestock, and the ability of the household to save money for 
unexpected expenses.  Household off-farm income sources may include salaried labor 
and/or day labor, which is generally less consistent and lower-paid.  All of these 
variables were hypothesized to have a positive effect on household food security and 
months of food production. 
 Various non-income factors may also impact household food security.  Distance 
from the market may impact the price of food as well as the difficulty of accessing it 
(Muamba 2011; Kassie et al. 2012), and was hypothesized to negatively influence 
household food security.  The gender of the household head and main agricultural 
producer has also been shown to impact agricultural practices and access to resources 
(Babatunde et al., 2008; Doss & Morris, 2000; Kassie et al., 2014; Kennedy & Peters, 
1992; Levin et al., 1999; Quisumbing et al., 2000), and was included as well.  Some 
farmers in the sample had received training in agricultural production, which was only 
available to members of farmer groups associated with the Academic Model Providing 
Access to Healthcare (AMPATH), which was hypothesized to positively impact food 
security and production.   The species of ALV grown may impact both the productivity of 
the farm as well as the income households derive from it.  The highest level of education 
attained by any member of the household was included, since Garrett and Ruel (1999) 
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and (Ghimire et al. 2015) have shown education to impact food availability and 
agricultural practices. 
7.4 Results  
 Descriptive statistics and variable definitions are shown in Table 7.1.  The 
average number of months of food production was only 7.12, indicating that farming 
households must purchase a large portion of their annual food requirements.  Even so, 
slightly more than half of all households (54%) indicated that achieving their food 
purchasing goals was easily achievable, although 33% found this to be increasingly 
difficult.  Mean annual income was only 83,788 KSH, or 824 USD, and average family size 
was just over 6 people.  A large portion of surveyed households (40%) were headed by 
women, who were most likely to be the main producer of both ALVs and staple crops.   
7.4.1 Gender Differences in Agricultural Practices 
Differences between households in which tasks were performed by men, 
women, or jointly are shown in Table 7.2.  Women were more likely to be the main 
producer of both the staple crop and ALVs.  Though joint management was somewhat 
more common in the main crop, only 18% of households had ALVs or staple crops 
managed solely by men.  Though the majority of household heads were male, 40% of 
our sample were composed of female-headed households, who had significantly lower 
income than their male counterparts.  They were also about half as likely to have a 
salaried wage earner.   
Months of food production did not differ by household head, though households 
where the main crop was jointly produced had more months of food production.  This 
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was also true for ALV production; joint producers grew 33% more ALVs than women 
alone, who grew 61% more than male managers.  The reasons for growing ALVs also 
differed by gender: men were more likely to grow ALVs for their good price while 
female- or jointly-managed ALVs were more likely grown for home consumption.  This 
may be explained by the fact that men were selling their ALVs at an almost 30% higher 
price than other producers.  Men were also more likely to produce amaranth when they 
managed production, while female- and jointly-managed ALVs were more likely to focus 
on nightshade instead.  Men and women may value ALVs differently, as households 
where men managed ALV and primary crop production ate exotic vegetables more 
regularly and had more frequent ALV shortages.  Female-headed households were more 
likely to have accessed agricultural extension and be members of AMPATH, which may 
be a sign that agricultural extension agents and NGOs are targeting female-headed 
households.   
7.4.2 Produced Food 
Table 7.3 models the number of months of household food production, which 
was positively associated with farm size.  Each additional acre contributed 0.62 months 
of additional food production to households.  Livestock also contributed to increased 
household self-sufficiency.  On the other hand, growing ALVs for their good price as 
compared to all other reasons was associated with almost two months less in household 
food production.  Growing ALVs for home consumption was positively associated with 
greater production, though not significantly.  The choice in ALV species impacted food 
self-sufficiency.  Cowpea producers had three months less food as compared to growers 
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of other ALVs.  Higher levels of education positively impacted food production, though 
only university graduates produced significantly more than those with secondary school 
education.  Female-headed households had almost one month less food than their male 
counterparts and larger families were associated with less food production, though this 
relationship was not significant. 
 Hierarchical decision tree modeling is shown in Figure 7.1.  This model predicts 
that families with a salaried wage earner would produce almost twice as much of their 
own food than households without a salary and with an annual income less than 94,000 
KSH (929 USD).  Only after the salary and income nodes does farm size predict 
household food production.  Households with more than 3.75 acres are predicted to 
produce almost four months more food than smaller farms, and it is important to note 
that only 14.8% of our sampled farms were this large. 
7.4.3 Purchased Food 
The multinomial logit model showed that households that struggled to meet 
their food requirements were different from households where this was easily 
achievable in several ways (Table 7.4).  Households that were able to save money were 
less likely to find food security increasingly difficult.  Similarly, households with greater 
income were less likely to fall into the categories of both “no change” and “increasingly 
difficult.”  Farm size was also smaller among households with the greatest food 
insecurity and staple crops were more likely to be managed by women or jointly than 
men alone.  Households that received extension training and were members of AMPATH 
were also more likely to fall in the “increasingly difficult” category, which may again be 
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an indication that extension agents and NGOs target at-risk households.  Receiving 
income from day labor increased the chance of households falling into both “no change” 
and “increasingly difficult” categories.  
 To uncover how these factors might impact female- and male-headed 
households differently, they were modeled separately and new trends emerged (Table 
7.5).  Saving money reduced the likelihood of women-headed households being in the 
most food insecure category, while higher income made male-headed households less 
likely to be in the “no change” category.  Female-headed households with larger farms 
were more likely to be food secure, but the same was not true for male-headed 
households.  For both male- and female-headed households, receiving extension 
training and relying on day labor jobs were both associated with greater food insecurity.  
Female-headed households in AMPATH were more likely to be in the category of lowest 
food security while larger families were associated with food insecurity only when they 
were male-headed.   
7.5 Discussion 
7.5.1 Produced Food 
 This study revealed that many households in rural Kenya still suffer from food 
insecurity.  Food self-sufficiency was low, even among farming households, as only 21% 
of households were able to feed themselves from their own production year round.  
Identifying risk factors can help government agencies and NGOs target households most 
likely to be unable to meet their household consumption needs.  Smaller farms and 
those with fewer livestock were at risk as were households with lower education levels, 
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confirming the findings of Garrett and Ruel (1999) and Ghimire et al. (2015).  When ALVs 
were grown for their good price, and when cowpea was the primary ALV grown, 
households were likely to produce less of their own food (Table 7.3), but this may be an 
indication of a more market-oriented approach and may not necessarily indicate that 
they were unable to purchase the remaining food needed.  As the regression tree 
analysis revealed (Figure 7.1), food production was highly dependent on off-farm 
income sources, even more so than farm size.  When households did not have a stable 
source of income (in the form of a salaried wage earner) and earned less than 929 USD 
annually, they were predicted to produce only half of their food needs annually.  This 
suggests that women, who earned less and were less likely to have a salaried position, 
are less likely to be able to meet their household needs through food production due to 
low off-farm income. 
7.5.2 Purchased Food 
Purchasing food was particularly difficult when households were unable to save 
money or had lower incomes, but the relative impact of these factors depended on 
whether households were male- or female-headed (Tables 7.4, 7.5).  Households 
depending on day labor income, both male- and female-headed, were less likely to be 
able to easily achieve their food purchasing goals.  The regression tree analysis suggests 
that income and income stability may be the strongest limitations to farm productivity.  
Households with more assets may be better able to survive shocks and the importance 
of off-farm income confirms what many others have found (Babatunde et al. 2008; 
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Gladwin et al. 2001; Rose and Charlton 2002), i.e. that food security may be more 
strongly influenced by poverty than farming practices.   
Achieving food security may be even more of a challenge for female-headed 
households that not only produced less food (Table 7.3) but also had less off-farm 
income, as they were less likely to have salaried positions and earned 43% less than 
their male counterparts (Table 7.2).  It seems clear that extension agents and NGOs 
were consistently targeting households with lower food production and security (Tables 
4, 5).  This is a good sign, but it may be beneficial to develop interventions specific to 
female-headed households who may be more at risk.  The determinants of female- and 
male-headed household food security differ in the importance of saving money and 
farm size, which more positively impacted female-headed households, confirming the 
findings of Kassie et al. (2012).  In contrast, the importance of income, smaller families, 
and the proximity to markets were greater for male-headed households (Table 7.5).  
This supports existing literature, which has pointed to gender differences in household 
food security in agricultural settings (Babatunde et al. 2008; Doss and Morris 2000; 
Doss, Summerfield, and Tsikata 2014; Garrett and Ruel 1999; Kassie et al. 2012; Kassie 
et al. 2014; Kennedy and Peters 1992; Levin et al. 1999; Tibesigwa et al. 2015).   
Women-headed households may place more emphasis on growing food for 
home consumption, especially ALVs (Table 7.2).  Women were more likely to manage 
ALVs than men, confirming the findings of Abukutsa-Onyango (2007) and Weinberger et 
al. (2011).  Women also showed higher yields when they managed these crops (Table 
7.2).  However, with the lower prices they obtain, selling their produce may not be as 
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profitable as it is for male-managed ALV crops despite higher yields.  This suggests that 
ALVs may not currently be contributing as much as they could to female-controlled 
income, but may still play an important role in household nutritional security.   
7.6 Summary and Conclusions 
 The determinants of household food security differed between male- and 
female-headed households, which may indicate that each group will require different 
changes to improve their situation.  ALVs were shown to be more commonly grown by 
women, but usually for home consumption rather for sale.  Interventions to promote 
the commercialization of ALVs may be able to disproportionally benefit female-headed 
households and help close the gap between male- and female-headed households.  In 
addition, savings groups for women may help to improve food security for female-
headed households, as saving money was shown to more positively impact female- than 
male-headed households.  Overall, household income indicators were critical to both 
household food self-sufficiency and purchasing abilities.  Addressing food insecurity will 
require income generating activities and job creation, especially salaried positions.  
Rural Kenyan households face many barriers to food security and while some of these 
are being addressed, it is important to understand that these challenges may differ 
greatly for women-headed households. 
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Table 7.1 Variables included in the full model, their interpretation, their means, and standard deviations.  Means and standard 
deviations are shown prior to log transformations for appropriate variables. 
Variable Definition Coding Mean SD 
Expected 
Sign 
Mth_food In 2012, for how many months did the household 
have adequate food staples from your own 
production? 
Answered in months 
7.124 3.36  
Ach_obje How is your achievement of your food purchasing 
objectives now? 
0 = Easily achievable, 1 = No change, 2 
= Increasingly difficult 
0.789 0.913  
savemoney              Are you able to save money for unexpected  
expenses?  
Yes = 1, No = 0 
0.526 0.50 + 






extension Has anyone in the household accessed agricultural  
extension in the last 12 months? 
Yes = 1, No = 0 
0.620 0.49 + 
log.acres              What are the sizes of land parcels your household  
has access to? 
Answered in acres, log transformed 
2.974 3.44 + 
log.timemkt            How long does it take to get to the main market? Answered in minutes, log  
transformed 
58.847 105.93 - 
Large.livestock How many goats, cows, and sheep does your  
household own? 
Answered in integers 
3.650 4.59 + 
Reason.grow.price What is the main reason your household grows ALVs? Good prices = 1, all other responses = 0 0.343 0.48 - 
Reason.grow.eat What is the main reason your household grows  
ALVs? 
Home consumption = 1, all other  
responses = 0 
0.387 0.49 + 
amaranth        What is the most important ALV you grow? Amaranth = 1, all other responses = 0 0.161 0.37 +,- 
nightshade      What is the most important ALV you grow? Nightshade = 1, all other responses = 0 0.562 0.50 +,- 
cowpea          What is the most important ALV you grow? Cowpea = 1, all other responses = 0 0.080 0.27 +,- 
Other What is the most important ALV you grow? Amaranth, nightshade, or cowpea = 0, 
all other responses = 1 




Table 7.1 continued 
Variable Definition Coding Mean SD 
Expected 
Sign 
primary              What is the highest level of education someone in  
your household has attained? 
Primary = 1, all other responses = 0 
0.219 0.42 - 
Secondary What is the highest level of education someone in  
your household has attained? 
Secondary = 1, all other responses = 0 
0.613 0.49 - 
College What is the highest level of education someone in  
your household has attained? 
College = 1, all other responses = 0 
0.066 0.25 + 
university What is the highest level of education someone in  
your household has attained? 
University = 1, all other responses = 0 
0.095 0.29 + 
salary                Is there someone in your household who has  
permanent (salaried) employment? 
Yes = 1, No = 0 
0.080 0.27 + 
daylab Is there someone in your household who engages in 
day labor? 
Yes = 1, No = 0 
0.099 0.40 - 
Ampmem Are you a member of AMPATH receiving training?  Yes = 1, all other responses = 0 0.556 0.498 + 
Hhh.sex What is the sex of the head of household?  Female = 1, all other responses = 0 0.600 0.491 + 
Fam.no How many members are there in your household? Answered in integers 6.073 2.25 - 
Age What is the age of the head of your household? Answered in years 48.182 10.62 + 
Alv.yield What was the yield of your most important ALV 
in the last year? 
Answered only for vegetable  
identified as primary 
400.028 752.54 + 
av_price               Average price achieved for ALVs Kenyan shillings/kg 94.591 46.97 + 
Female_alv Who is the main producer of your ALV crops? Female = 1, all other responses = 0 0.584 0.49 - 
Male_alv Who is the main producer of your ALV crops? Male = 1, all other responses = 0 0.182 0.39 + 
Joint_alv Who is the main producer of your ALV crops? Joint = 1, all other responses = 0 0.234 0.42 + 
Female.main      Who is the main producer of your most 
important crop? 
Female = 1, all other responses = 0 
0.453 0.50 - 






Table 7.1 Continued 
Variable Definition Coding Mean SD 
Expected 
Sign 
Male.main Who is the main producer of your most 
important crop? 
Male = 1, all other responses = 0 
0.182 0.39 + 
Joint.main Who is the main producer of your most 
important crop? 
Joint = 1, all other responses = 0 
0.365 0.48 + 
Ex.veg.freq What is your frequency of exotic vegetable  
consumption? 
0 = Never, 1 = Once a month, 2 = 1-2 
times/week, 3 = every day 
1.842 0.819 + 
Alv.short.freq Have you had any shortages of ALVs in the past 
two years? 




Table 7.2 Differences between households where ALVs and are managed by males, females, or jointly, households where the main 
crop is managed by males, females, or jointly, and male- and female-headed households. * p value < 0.10, ** p value < 0.05, *** p 



















N 46 156 57  54 131 113  174 116  
log_income 4.67 4.62 4.70  4.75 4.57 4.75 *** 4.77 4.54 **** 
Salary 0.09 0.10 0.11  0.07 0.14 0.12  0.16 0.07 ** 
mth_food 6.24 6.88 7.11  6.46 6.73 7.23 * 7.11 6.42  
Alv.yield 191.90 309.09 411.79 * 278.07 354.49 287.17  253.95 398.72 * 
reason.grow.price 0.48 0.20 0.19 *** 0.41 0.18 0.24 *** 0.25 0.22  
reason.grow.eat 0.28 0.51 0.65 *** 0.30 0.54 0.54 *** 0.49 0.51  
av_price 124.84 95.91 94.30 ** 107.95 105.56 90.91  90.58 110.23 ** 
amaranth 0.33 0.15 0.11 ** 0.22 0.18 0.06 ** 0.09 0.22 *** 
nightshade 0.37 0.60 0.53 ** 0.31 0.48 0.52 ** 0.48 0.47  
cowpea 0.07 0.06 0.16  0.13 0.10 0.18  0.16 0.10  
ex.veg.freq 2.20 1.74 1.70 *** 2.20 1.78 1.73 *** 1.88 1.76  
alv.short.freq 0.67 0.54 0.46 * 0.67 0.55 0.47 * 0.53 0.55  
ampmemb 0.52 0.68 0.49 ** 0.35 0.75 0.43 **** 0.43 0.73 **** 




Table 7.3 Generalized linear model estimates for determinants of months of food supply 
from own production.  Standard errors have been clustered by county. * p value < 0.10, 
** p value < 0.05, *** p value < 0.01, **** p value < 0.0001, N = 168.  
 Coefficient Std. Err. P value 
Intercept          5.98 2.72 0.03** 
savemoney             -0.41 0.51 0.42 
log.income            0.24 0.22 0.27 
extension             -0.19 0.43 0.66 
log.acres             0.66 0.15 0.00**** 
log.timemkt           0.30 0.32 0.35 
log.livestock         0.38 0.20 0.05* 
reason.grow.price -1.91 0.72 0.01*** 
reason.grow.eat    0.02 0.59 0.98 
amaranth         -0.42 0.98 0.67 
nightshade       -0.41 0.47 0.39 
cowpea           -3.13 1.19 0.01*** 
primary                -0.09 0.58 0.87 
college                0.39 1.09 0.72 
university             2.15 0.55 0.00**** 
salary                 1.35 0.88 0.12 
daylab                 0.34 0.90 0.71 
ampmemb                0.02 0.44 0.97 
hhh.sex            -0.76 0.39 0.05* 
fam.no                 -0.12 0.11 0.28 





Figure 7.1 Regression tree predicting months of adequate food staples from own 





Table 7.4 Multinomial logistic regression of households that ranked food as their 
primary income objective as compared to households that found this objective easily 
achievable.  * p value < 0.10, ** p value < 0.05, *** p value < 0.01.  
 No change Increasingly difficult 
 Coefficient Std. 
Err. 
P value Coefficient Std. 
Err. 
P value 
(Intercept) 9.70 4.51 0.03** -1.22 2.86 0.67 
savemoney -0.87 0.57 0.13 -1.02 0.40 0.01** 
log.income -2.05 0.85 0.02** -0.34 0.52 0.02** 
log.acres -0.29 0.37 0.43 -0.68 0.26 0.01*** 
log.timemkt -0.47 0.32 0.43 -0.03 0.24 0.91 
extension 0.63 0.67 0.34 0.96 0.47 0.04** 
female.main -1.39 0.91 0.13 1.50 0.87 0.08* 
joint.main -0.19 0.84 0.82 2.28 0.84 0.01*** 
log.livestock -0.55 0.39 0.17 -0.11 0.39 0.68 
Daylab 2.32 0.75 0.00*** 1.46 0.62 0.02** 
ampmemb 1.22 0.77 0.11 0.93 0.50 0.07* 
hhh.sex 0.98 0.69 0.15 -0.04 0.48 0.93 




Table 7.5 Multinomial logistic regression of households that ranked food as their primary income objective as compared to 









 No Change Increasingly Difficult 
 Women Men Women Men 
 Coef SE P value Coef SE P value Coef SE P value Coef SE P value 
Intercept 4.32 5.57 0.44 17.06 7.35 0.02** -2.68 4.10 0.51 1.98 4.14 0.63 
Savemoney -1.18 0.78 0.13 -0.65 1.06 0.53 -1.36 0.61 0.02** -0.84 0.58 0.14 
Log.income -1.25 1.12 0.26 -3.39 1.39 0.01** -0.00 0.75 1.00 -0.92 0.80 0.25 
Log.acres -0.86 0.50 0.09* 0.87 0.75 0.25 -0.91 0.41 0.03** -0.42 0.36 0.24 
Log.timemkt 0.03 0.49 0.94 -0.94 0.49 0.05* 0.31 0.42 0.48 -0.01 0.31 0.98 
Extension 0.31 0.87 0.72 -0.18 1.30 0.89 1.34 0.77 0.08* 1.10 0.65 0.09* 
Log.livestock -0.58 0.52 0.26 -0.18 0.65 0.78 -0.12 0.40 0.77 -0.32 0.37 0.38 
Daylab 2.41 1.10 0.02** 1.83 1.12 0.10 1.04 1.14 0.36 1.92 0.75 0.01** 
Ampmemb 1.34 1.09 0.22 1.33 1.25 0.29 1.88 0.96 0.05** 0.14 0.63 0.82 




CHAPTER 8. CONCLUSION 
 This dissertation has investigated the opportunities and limitations of ALVs in 
food security across the value chain from the seed to the consumer.  Their importance 
in Kenyan agriculture has been undervalued, but appreciation is growing as new public 
and private stakeholders bring more awareness to these diverse vegetables.  Future 
research and investment can help to make the global scientific community more aware 
of their importance, while policy interventions can help make ALVs more available and 
accessible to consumers across Kenya. 
To address the need for high-quality germplasm, we evaluated the relative 
strengths of the formal and informal seed systems in Eldoret, Kenya and showed that 
informal seeds had equal or greater quality in terms of germinability and yield.  When 
farmers choose between formal and informal seeds, price was consistently important as 
well as the species of ALV they are planting.  We proposed a framework for evaluating 
the appropriateness of formal seed systems based on four factors: 1) rate of seed 
degradation, 2) yield difference, 3) resources available, and 4) farmer characteristics.  
These factors can be used by policymakers to direct funding on seed system support, 
whether to strengthen technical assistance for informal seed savers or to encourage 




species- and location-specific recommendations and better understand the variations 
that exist in seed systems.  In the case of ALVs in western Kenya, we conclude that while 
formal seed systems have potential, they need to offer higher quality germplasm than 
they currently do.  In the meantime, strengthening the informal seed network may be 
more effective at connecting ALV farmers with the seed that they need.  
 This work was limited by the immaturity of the formal seed market for ALVs.  
Future research should reevaluate the formal and informal seed systems over time, 
using the four factors that have been identified in our framework.  In reality, there is a 
spectrum of formal seed sector development from ALVs like spider plant (where no 
formal seeds are available) to cowpea (where several formal varieties are fairly 
common) to maize, where formal seeds are the norm and many diverse options are 
available to farmers.  The development of the formal seed sector along this spectrum 
may differ currently for each ALV species and will change over time, so future studies 
need to take this into account as they reevaluate the relative strengths of formal and 
informal seed systems. 
 In addition to seed quality, vegetable production in East Africa is heavily 
constrained by rainfall and water availability.  While many ALVs tend to be naturally 
drought tolerant, variation exists between species and cultivars, so we investigated the 
drought response of eight accessions of vegetable amaranth (Amaranthus spp.) 
collected across East Africa by the AVRDC World Vegetable Center in Arusha, Tanzania.  
We conducted greenhouse trials and analyzed the physical and physiological 




landrace varied dramatically depending on the type of water stress it was exposed to.  
The landraces that performed well under short-term drought were not the same 
landraces that survived long-term drought with minimal reductions to yield.  We also 
showed that vegetable amaranth exhibits the greatest reductions in yield when water 
stress occurs in later stages of phenological development.  These results suggest that 
farmers who maintain a diversity of vegetable amaranth cultivars may be better 
insulated from abiotic stresses such as drought.   
The landraces tested represent a diverse selection of the germplasm available to 
farmers in East Africa but much more research needs to be done to better understand 
the range of drought responses among amaranth landraces and varieties.  Specifically, 
future work should evaluate a wider selection of cultivars and also examine the ways 
farmers use their landraces to promote resilience.  A better understanding of the traits 
that make amaranth cultivars drought tolerant will help breeders create improved 
varieties, and this work was not able to elucidate the mechanism of drought tolerance.  
However, connecting farmers to improved varieties can be challenging for public and 
private seed companies alike.  Working through formal and/or informal seed system can 
help make these connections.  Maintaining high agrobiodiversity may be better served 
by working through farmers’ indigenous informal systems, but future research would 
need to validate this hypothesis. 
Alternative production methods such as hydroponics could be another way to 
address the limitations of seasonality and water availability in ALVs.  Hydroponic 




requires large initial investments that need to be balanced by profits over the long-term 
on a time scale that makes financial sense for growers.  Hydroponic production also 
presents opportunities to enhance nutritional concentration through nutrient solution 
manipulation.  While this technique was successful in elevating tissue concentrations of 
zinc, iron, and carotenoids in vegetable amaranth, it would not be possible to raise all 
three concentrations at once.  Benefit-cost analysis showed that under current 
conditions in Eldoret, hydroponic systems would not be profitable on a five-year time 
horizon when compared to soil-based production or purchasing vegetables from 
markets.  These production systems could become profitable under certain conditions, 
such as places where vegetable markets are difficult to reach.  Overall, hydroponics 
have potential to make substantial nutritional contributions to ALV cultivation but may 
not be profitable under current conditions.  Our research underscores the importance of 
evaluating appropriate technology in a location- and crop-specific manner that includes 
economic as well as agronomic components. 
A limitation of this work was the confined geographic location that we were able 
to evaluate.  Though our benefit-cost analysis suggested situations where hydroponic 
production of ALVs could be profitable, it would be beneficial to identify specific 
locations and test this hypothesis.  Our work also identified ways to enhance amaranth 
nutritional content, and further willingness-to-pay studies could estimate the premium 
that consumers would pay for this quality.  Our hydroponic systems could also be easily 
adapted to other crops, which may show higher rates of return, depending on the crop 




Even with improved production systems, the nutritional security needs of the 
rapidly growing urban population of Kenya will only be met when producers are 
effectively linked to markets.  Supply chains are still developing for the changing ALV 
retail sector, and vendors face many market barriers in both formal and informal 
markets.  Gaining a better understanding of these barriers can help policymakers make 
changes to address these limitations and better connect rural growers with urban 
consumers.  From a survey of 170 vendors in Eldoret, Kenya, we found that access to 
capital was a challenge for informal vendors while formal vendors had more problems 
with produce quality.  For all vendors, infrastructure was a major issue, especially during 
the rainy season.  Women dominated the informal market but were less common in the 
formal retail sector.  With the shifting balance between formal and informal markets 
there may be fewer and fewer income opportunities for women in ALVs.  These trends 
should continue to be closely monitored.   
Addressing the barriers identified can help to close market gaps and connect 
consumers with nutritious vegetables.  The informal market is currently providing the 
vast majority of vegetables and jobs to Kenyans, so supporting this sector could have 
more widespread positive effects on women’s employment and nutritional outcomes.  
The top problem identified by informal vendors was capital.  It may be possible to join 
vendors together in microsavings and microloan groups, as modeled by AMPATH, to 
meet these needs.  Vendors may then be able to invest in greater postharvest handling 




scale and, if successful, implemented on a larger scale across Kenya to improve ALV 
availability and accessibility. 
 Understanding consumer demand is critical to making a profit for both ALV 
growers and vendors.  Consumers may have different expectations for quality and 
freshness.  By grading produce, growers can capture more value and customers have 
more options.  We surveyed 340 consumers across three cities in western Kenya and 
asked them to choose among ALVs of different qualities and prices.  People who spend 
more on produce in general and women were more likely to choose high quality 
produce, even at a premium price.  However, the majority of consumers chose at least 
one ALV at the highest available quality.  The determinants of consumer preference 
differed dramatically by species of ALV and location, suggesting that consumers of ALVs 
cannot be considered a homogenous group.  These results suggest that there is a 
market for high quality ALVs in western Kenya, but also that producers and retailers 
need to be aware of regionally-specific preferences and demands of consumers.   
 Future research should evaluate consumer willingness to pay for these standards 
of quality.  The 5 KSH premium established in our choice study may have only captured 
a portion of what this was worth to consumers, but more analysis is needed to 
determine if these premiums can meet the additional costs to farmers for providing top 
quality.  Vendors would need to be surveyed as well, in order to establish their 
willingness to pay and assure that these top quality vegetables have a substantial 
market.  This study did not identify any significant differences between formal and 




market that supermarkets capture may mean that quality will remain low.  Informal 
vendors may be able to source from a variety of locations, depending on the season, in 
order to find ALVs with the best quality.  Supermarkets, on the other hand, are limited 
to a smaller number of growers that can meet their demand for higher volumes and 
may not be able to display this flexibility.  Evolving supply chains could change this, but 
more work is needed to evaluate this possibility.  
  ALVs have the potential to contribute to household food and nutritional security.  
The traditional association of these crops with women may enable them to be used to 
target often-marginalized female-headed households.  The gender of the household 
head has been associated with access to material wealth and social opportunities, which 
impacts the food security status of the entire household.  ALVs have the potential to 
generate income and address nutritional security, but their impact may be different 
based on the gender of the household head.  From a household survey of 303 families 
across western Kenya, we showed that households were only able to produce slightly 
over half of their annual food requirements.  This means that purchasing food will be 
critical, but household income and income stability impacted both food production and 
purchasing ability.  The determinants of food security differed for male- and female-
headed households, suggesting that targeted interventions should be developed to 
address their needs specifically.  Overall, poverty limits household food security for both 
male- and female-headed households, but women-headed households may be 




 Future work should evaluate interventions for their efficacy in closing this gender 
gap.  For example, our research suggested that saving money may have a greater 
positive impact on female-headed households’ food security.  This suggests that women 
participating in savings groups should have better food security and health outcomes, 
but this hypothesis should be tested, along with alternative interventions. 
 Cumulatively, this research has confirmed that ALVs play an important role in 
food security, despite receiving little previous recognition from public or private sectors.  
ALVs are a diverse and resilient group of crops that should receive more investment in 
research and development to realize their full potential.  Conserving agrobiodiversity 
will be important to building agricultural resilience in the face of climate change, and 
ALVs can play an important role in this.  Supporting informal ALV seed systems may be 
more effective at connecting farmers with high quality seeds, contrary to the prevailing 
dogma that has guided Kenyan seed policy and numerous international aid projects, 
which have almost exclusively supported the formal seed sector.  This also underscores 
the importance of evaluating policies and interventions in a location- and crop-specific 
way before they are implemented.   
Government policy and international aid projects often have not recognized the 
importance of markets, which differ dramatically between formal and informal sectors.  
While farmers may have the opportunity to make higher profits in the formal sector, the 
farmers that benefit most are often wealthier and far more likely to be male.  The 
informal ALV sector has traditionally been the domain of women, but many market 




formal market.  These trends should be monitored closely in the future to ensure that 
ALVs and other horticultural crops are not inadvertently marginalizing the rural poor 
and women.  Targeted interventions for women and female-headed households may be 
more effective at closing gender gaps, as gender has a dramatic impact on household 
food security.  Addressing the many limitations of ALVs must focus on improving their 
availability, accessibility, and utilization for everyone in order to strengthen household 
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